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CORPORATE PROFILE  ...............................................................  
 
 
University Network of Excellence in Nuclear Engineering (UNENE) is a not-for-profit Corporation 
incorporated by the Government of Canada with Letters Patent issued on July 22, 2002. The 
Head Office of the Corporation is located at the Department of Engineering Physics, Faculty of 
Engineering, McMaster University, 1280, Main Street West, Hamilton, ON, L8S 4L7.  
 
UNENE is a unique industry - university alliance. Its current members are: 
 
Bruce Power (BP)  
Ontario Power Generation (OPG) 
Canadian Nuclear Laboratories (CNL) (formerly AECL-CRL) 
CANDU Owners Group (COG) 
Canadian Nuclear Safety Commission (CNSC) 
SNC-Lavalin (formerly CANDU Energy Inc.)  
AMEC Foster Wheeler 
Nuclear Waste Management Organization (NWMO) 
 
McMaster University  
Queen’s University  
University of Toronto  
University of Ontario Institute of Technology (UOIT)  
University of Waterloo  
Western University  
École Polytechnique Montreal (EPM) 
University of New Brunswick 
Royal Military College 
University of Guelph 
University of Saskatchewan 
University of Windsor  
   
UNENE was launched to ensure that the Canadian nuclear industry would continue to have a 
dependable supply of highly qualified and skilled professionals to meet its current obligations 
and emerging challenges. To this end, industry is investing significant funds in selected 
universities and is contributing in-kind to enable the universities to acquire and retain the highest 
quality of teaching and research professoriate. The industry is also assisting the universities in 
developing relevant research programs, attracting bright students, educating and training them 
to pursue safe and efficient use of nuclear technology. The universities secure additional funds 
from the Natural Sciences and Engineering Research Council (NSERC) of Canada, and 
elsewhere, to match investments made by the nuclear industry.  
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CHAIRMAN’S MESSAGE  ............................................................  
 
 
Andrew Hrymak 
 
It has been a privilege to serve as Chair of the Board of Director this 
past year. Having been a Board member since 2009, representing 
Western University, prior to becoming Chair gave me the opportunity 
to appreciate the issues addressed by the Board of Directors. My prior 
exposure to other industry / academia partnerships, each with its own 
opportunities and challenges, has enabled alternate means and 
options in dealing with some of the challenges before the Board.   
 
The most impressive part of the UNENE partnership is the close 
working relationship of academic researchers with industry. The framework of cooperation 
spans from individual researchers to the entire industry spectrum; industry research such as the 
Canadian National Labs at Chalk River and Kinetrics, technical liaison from utility /design staff 
with researchers and industry in-kind contributions that are critical to the success of these 
research partnerships. These include material samples, data acquisition systems, etc. that 
supplement and accelerate facilities set up for academic researchers. NSERC`s investment 
alongside industry funding makes these partnerships stronger, impactful and effective.  I also 
want to highlight the important contributions of time and experience from industry colleagues in 
the fine tuning of research proposals, and developing the important links within their 
organizations to achieve impact from the research results. 
 
During this past year I have witnessed significant progress on many aspects of UNENE`s 
activities; including: the formal approval of the new UNENE Diploma Program in Nuclear 
Engineering with McMaster University and University of Ontario Institute of Technology; 
publication of the Candu textbook on the UNENE website; and the realization of key research 
infrastructure with the Reactor Material Test labs (RMTL) at Queen`s University  and the Centre 
for Advanced Nuclear Systems (CANS) at McMaster and UOIT which have been in the planning 
and construction since 2007. 
 
During this past year the board has seen growing cooperation between UNENE and CANDU 
Owners Group (COG) by extending funding to common industry topics where researchers have 
aligned their R&D programs on topical issues to develop UNENE/COG joint projects.  
 
In closing I would like to acknowledge the role and importance of Industry and NSERC funding 
in making the UNENE partnership effective, and congratulate the academic researchers for  
their technical and scientific leadership to meet both academic and industry expectations. The 
role of the grants made by various federal and provincial agencies (MRI, CFI, MITACS etc.) has 
been key in enabling the construction and acquisition of state of the art research infrastructure 
in universities.  All of these elements have equipped UNENE universities to be at the forefront of 
innovative research and to be contributors to the quest of maintaining and expanding our 
knowledge based economy. 
 

Andrew Hrymak 
Dean, Western Engineering 
Western University 
London, ON 
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REPORT OF THE VICE CHAIR  .................................................  
 
 
Paul Spekkens 
 
The progress of UNENE with its many activities continues to be guided by 
the Board of Directors. Activities this year progressed on many fronts: some 
were in the area of knowledge preservation and transfer, while others 
related to research directions geared to new industry priorities.  
 
The industry at large continues to work effectively with all Industrial 
Research Chairs (IRCs) and their respective research programs. CRD 
(Cooperative Research and Development Grants) have also become 
important elements of the research program. The renewal cycle of these 
CRDs is typically 3-4 years. During the annual review and endorsement 
process, industry provided its input on the new proposals, reflecting the need to introduce new 
topical areas of interest to industry. The responsiveness of the R&D program to the needs and 
interest of industry is an important element of the value that UNENE provides. 
 
A very successful UNENE Research Workshop was held in Toronto. This annual gathering 
brings together Research Chairs and their students with industry and other stakeholders for a 
one and a half day interactive workshop. During this exchange, the year`s progress was 
reviewed and future directions were discussed. These workshops have become catalysts to 
punctuate programs, articulate industry priorities, and identify gaps in knowledge in need of 
further work. Potential employers from industry have used the student poster session as a 
means to identify potential candidates for interviews for available positions. In recent years, the 
workshops have also been used as an opportunity to invite guest speakers from outside 
organizations to discuss potential cooperative research or funding participation in specific 
programs. This presented opportunities for new partnerships or new research directions of 
benefit to industry.  
 
Most IRCs are members of COG Technical Committees, which facilitates incorporation of newly 
derived knowledge into the COG programs and technology reports. Alignment between UNENE, 
COG and CNL in many technology areas has created well-integrated programs in key research 
areas such as fuel channel spacer degradation, pressure tube fitness for service criteria, and 
severe accident mitigation. Publication of research papers and contributions to international 
conferences has enabled Canadian universities to cooperate world-wide with other institutions 
in data exchange, and in validation of safety analysis codes for the CANDU industry. 
 
In 2014-15, UNENE has continued to develop into an increasingly important partner in nuclear 
research and development, while also developing highly qualified personnel to assist industry in 
offsetting attrition caused by retirements in key skill areas.    

 
Paul Spekkens 
Vice President, Science and Technology Development 
Ontario Power Generation 
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CORPORATE GOVERNANCE  ....................................................  
 
 
Membership of UNENE is available to Canadian universities, corporations, associations, 
government agencies or other entities. The Board of Directors and the Voting Members of 
UNENE approve an application for admission. Membership of UNENE is of two categories 
namely: Voting Members and Non-Voting Members. Each such Member, that is a corporation, 
nominates representatives in the various dealings of UNENE.  
 
Only those entities that fulfill the Annual Membership Fee and fund a significant portion of the 
overall UNENE Program and those universities that host UNENE funded Industry Research 
Chairs are eligible to become Voting Members. The current Voting Members of UNENE are 
Canadian Nuclear Laboratories (CNL) (formerly AECL-CRL), Bruce Power, Ontario Power 
Generation, McMaster University, Queen’s University, University of Toronto, University of 
Ontario Institute of Technology, Royal Military College, University of Waterloo and Western 
University. 
 
Other industrial entities that are committed to UNENE objectives and as a minimum pay the 
Annual Membership Fee and universities that participate in research and teaching of UNENE 
programs may become Non-Voting Members if they apply and when the Board of Directors and 
Voting Members of UNENE approve their applications. Currently, CANDU Owners Group, 
Canadian Nuclear Safety Commission, SNC-Lavalin (formerly CANDU Energy Inc.), AMEC 
Foster Wheeler, École Polytechnique, University of New Brunswick, and University of Guelph 
are Non-Voting Members of UNENE. 
 
The UNENE Board of Directors, with each Voting Member represented by one Director, 
manages the property and business of UNENE. Each Voting Member nominates one Director 
for a renewable two-year term. The Directors representing Voting Members from universities 
elect the Board Chair; and the Directors representing industry Voting Members elect the Board 
Vice-Chair. The term of office of both the Chair and the Vice-Chair is two years renewable for 
additional terms. Effective September 2014, Dr. Andrew Hrymak had assumed the position of 
Chair and Dr. Paul Spekkens continues as Vice-Chair of the UNENE Board of Directors 
(renewed for another 2 year term). 
 
The Board of Directors sets policies and procedures not defined in the By-Laws of UNENE. It 
functions through two standing committees, the membership of which are drawn from the 
member organizations of UNENE 

• Education Advisory Committee (EAC) 
• Research Advisory Committee (RAC) 

 
For administrative functions, the UNENE Board of Directors appoints a President and CEO, 
Secretary/Treasurer and Program Director as officers of UNENE, each for a two-year term 
renewable for additional terms. Current officers of UNENE for this reporting period are: 

• Dr. Basma Shalaby, President and CEO, from September 2009 
• Dr. Ben Rouben, Secretary / Treasurer, from July 1, 2008 
• Dr. Victor Snell, Program Director, from June 23, 2008 
o Dr. Bill Garland (Ex. UNENE Executive Director) is currently working with COG as the 

Technical Director for the development of the Candu Textbook in collaboration with 
UNENE. 

The financial year of UNENE is from April 1 to March 31 of the succeeding calendar year.  
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VISION AND STRATEGIC OBJECTIVES  ................................  
 
 
 “An outstanding and effective university-industry-government partnership promoting university-
based education and research in nuclear science and engineering”.  
 
 
Mission: 
 
UNENE is committed to blend the strengths of industry and university and secure government 
assistance to deliver relevant nuclear engineering educational and research programs, and train 
highly skilled human resources for the current and future needs of Canada. The strengthened 
university-based UNENE expertise will be accessible to public government and industry. 
 
 
General Objectives: 
 
Nuclear industry, universities and governments in Canada have elected to work together to 
ensure that Canada continues to be among world leaders in peaceful and safe application of 
nuclear technology. UNENE concentrates its efforts to ensure that, in sufficient numbers, bright 
candidates are attracted, educated and trained as engineers and scientists to advance the state 
of the art in nuclear technology and find innovative solutions for challenges faced by industry. 
 
 
Specific Objectives: 
 

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

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

3. Create a group of respected, university-based, nuclear experts for public and industry 
consultation 
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PRESIDENT’S REPORT  ...............................................................    
 
 
Basma Shalaby 
 
A year has passed rather quickly, since my last message, with many 
completed activities and good progress on key UNENE programs. This 
year UNENE has increased its profile as a research organization and its 
role is recognized among research organizations in Canada. Early this 
year the Canadian Nuclear Association (CNA) commissioned a report on 
behalf of the industry on the future Canadian strategic directions in 
nuclear research and innovation. The report is intended to highlight the 
nuclear R&D role in energy sustainability and its contribution to 
Canada`s knowledge-based economy. All key stakeholders have 
contributed to this report preceded by a COG/CNA workshop with 
participation from industry stakeholders. I was proud to present 
UNENE’s research programs and their expected outcomes in support of 
the long term economic performance of the CANDU Nuclear Power Plant (NPP) worldwide. One 
of the unknown realities in Canada is that to date NPPs in Ontario have supplied 58% of 
Ontario`s electricity demand. This industry is a $10B-a-year industry and it employs 70,000 
highly skilled Canadians.  
 
Networking outside Canada continued this year with a Partnership Agreement (PA) signed with 
the Knowledge Management Section of the IAEA. The PA (equivalent to an MOU) was shortly 
followed by a UNENE proposal where UNENE offers to provide courses and tutorials aimed at 
increasing knowledge in nuclear technology and in particular in the PHWR technology to 
holders and non-holders of nuclear technology or of a Nuclear Power program.  
 
Internship of research students in industry is one of the new means being pursued to facilitate 
knowledge transfer from researchers to industry. An application for such program has been 
made to one of the provincial agencies for review and potential approval. This program enables 
leveraging industry funding with twice the amount by the provincial agency. 
 
One of the highlights during 2014/2015 is the approval, by two universities (McMaster and 
UOIT), of the newly introduced UNENE Diploma in Nuclear Engineering. The Diploma is a 
shorter option (four courses) qualification offered by UNENE to industry professionals wishing to 
enhance their knowledge in their core skill area. Further details on the Diploma can be found on 
https://www.unene.ca/education. 
 
Another highlight this year is the publishing of the CANDU Textbook titled “The Essential 
CANDU”. The electronic version is now available on the UNENE website 
(https://www.unene.ca/education/candu-textbook). A hard-cover book will be produced once the 
few remaining chapters are ready for publication.  
 
A key achievement this year is the completion of two research laboratories, one at Queen's 
University and the other at McMaster. These are the Reactor Materials Testing Laboratory 
(RMTL) and the Centre for Advanced Nuclear Systems (CANS) respectively. They come at a 
period where CANDU NPPs in Canada are planning to extend plant life beyond its original 
design life, thus extending the life of NPP components, structures and materials. The aim of the 
RMTL is to help simulate conditions similar to in-reactor conditions and fully characterize 
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changes in materials at the atomic and subatomic level.  The Centre of Advanced Nuclear 
Systems is another state-of-the-art experimental centre with post-irradiation examination 
facilities (Hot Cells) that are a first of their kind in a university. Advanced capabilities of both 
these new research facilities support the mission of becoming leading research laboratories 
worldwide. More details can be found on the website (https://www.unene.ca/research-facilities ).  
 
My message would be incomplete without noting that all ongoing UNENE/NSERC research 
programs continue to show progress towards set objectives. A biannual 2013-2015 Benefit 
Report is planned for issue this year.  The report reviews research outcomes in the past two 
years and their impact on industry priorities. The annually held R&D workshop continues to 
provide a forum for researchers and industry personnel to interact while presenting research 
progress and industry needs/priorities. Last year students were given the opportunity for the first 
time to present their research program in person while others developed posters of their 
research topic. The latter were subject to an industrial competition for best poster and presenter.  
 
The development of HQP (Highly Qualified Personnel) through these programs is seen to be a 
strength that is tapped by industry when needs arise. 
 
In conclusion, 2014/2015 with all its activities confirms the role and contribution of 
UNENE/NSERC research and UNENE education towards supporting Canada`s innovation 
agenda in the nuclear power file.  
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EDUCATIONAL ACTIVITIES  .....................................................  
 
 

Master’s of Nuclear Engineering (M.Eng.) Degree Program  
Report from Education Advisory Committee and Program Director 
 
Mahesh Pandey (Chair, EAC) 
Emily Corcoran (Vice-Chair, EAC) 
Victor Snell (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. There are two 
paths: 

1) traditional research-oriented graduate 
degrees, or research assistantships, 
in nuclear-related disciplines; and 

2) the Master’s of Engineering (M. Eng.) Degree program in Nuclear Engineering, jointly 
offered by member universities, with strong UNENE support and overall coordination. 
The M.Eng. program is accredited by the Ontario Universities Council on Quality 
Assurance and is aimed largely at people already working within the industry who wish 
to upgrade their education within the discipline of an academic environment. 

 
In order to deliver a full breadth of nuclear engineering courses, the M.Eng. program uses 
renowned professors from participating universities and senior specialists from UNENE industry 
members. 
 
To accommodate students with a full-time job, the courses are given during weekends 
throughout the academic year, at the Whitby campus of Durham College. Synchronous 
interactive distance education is now a routine part of every course – it is used “live” by remote 
students, and the recordings provide all students a means of reviewing the material. 
 
 
Program Management 
 
The education side of UNENE is managed as follows: The Education Advisory Committee 
(EAC) of UNENE advises the UNENE Board of Directors on education-related issues, including 
the curriculum for the M.Eng. Degree in Nuclear Engineering, admission standards, 
accreditation, course selection and delivery effectiveness, and soliciting students for the 
program. The EAC also reviews and dispositions proposals from the Program Director on 
courses and course delivery. The Program Director, appointed by UNENE, is responsible for 
enrolment, logistics, educational quality and effectiveness, instructor selection, course delivery, 
and liaison work with universities. The UNENE Administrator executes the UNENE- and 
university-administrative aspects of the program. 
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Diploma 
 
The Board of Directors instructed UNENE to broaden and diversify its educational offerings 
beyond the UNENE M.Eng., and in particular to initiate a UNENE nuclear diploma. UNENE 
therefore developed a proposal for a joint McMaster-UOIT diploma as a new program, aimed at 
working students who did not have the time nor the resources to pursue the M.Eng. but who 
nevertheless desired to broaden their skills and knowledge in the context of a rigorous 
academic program. The diploma consists of four courses, versus the ten courses (or eight 
courses plus a project) for the M.Eng. The proposal included several fundamental concepts to 
make the diploma both effective and efficient: 

• The diploma student would select the four courses from the existing M.Eng. courses. 
• At least two of the four courses would have to be “core” M.Eng. courses. The remaining 

courses could be chosen to enhance the student’s knowledge in a particular field or 
fields, of his/her choosing. This ensured a good balance between specialization and 
essential nuclear knowledge. 

• Diploma courses would be given at the same time, in the same place, and by the same 
professor as the M.Eng. courses. This ensured uniform academic standards and an 
efficient use of human and physical resources. 

• Consistent with University policy, as long as the student does not accept the diploma, 
credit will be given for all diploma courses taken if a student wishes to transfer to the 
M.Eng., and vice versa. Each request for a transfer would be reviewed on a case by 
case basis. This permits the student flexibility, such that if he/she decides to transfer 
programs part-way through, his/her previous investment in courses is utilized. 

 
The diploma proposal was approved in parallel at both McMaster and UOIT, and then submitted 
to the Ontario Universities Council on Quality Assurance, where it was approved on March 11 
2015. Students can now enrol in it. The Program Director is visiting UNENE industry sites to 
increase awareness of this option. 
 
 
CANDU Textbook 
 
Almost all of the Chapters of the CANDU Textbook, entitled “The Essential CANDU”, managed 
and edited by Dr. W. Garland, have been completed and the textbook was posted on-line in 
September 2014 at http://www.nuceng.ca/candu/. The remaining Chapters are in an advanced 
stage of preparation. The textbook explains the science and engineering of nuclear reactors, 
with emphasis on the CANDU design, and provides a unique and comprehensive learning 
resource for students, educators, trainers and working professionals. The material is suitable for 
the senior undergraduate or graduate level in university engineering and science. The textbook 
also supplements and augments the course materials provided to students enrolled in the 
UNENE M.Eng.  This will be an essential and unique go-to resource for detailed CANDU 
knowledge for many years. 
 
 
Enrolment 
 
The past academic year saw a decrease in net enrolment in the UNENE M.Eng. As of the end 
of calendar 2014, there was an “active” enrolment (existing + accepted – inactive – graduated) 
of 27, with the determining factor being employer funding. 
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Figure 1 shows some of the students who graduated in 2014  
 

 
Figure 1 - Some 2014 UNENE Graduates 
 
 
Figure 2 summarizes the cumulative throughput of students as of end calendar 2014, for the life 
of the UNENE M.Eng. 
 

 
 
Figure 2 - Cumulative Lifetime UNENE Enrolment 
 
 
Course Offerings 
 
A new course entitled “Nuclear Energy in Society: Regulation and our Energy Future” has been 
added, in response to recommendations from members of the UNENE Board and from the  
Institutional Quality Assurance Process (IQAP) Program Review in 2013. As the title suggests, 
the course will cover nuclear power as part of the “big picture” of energy sources, and also the 
role, function, and requirements of nuclear regulators. It is hosted by UOIT and is currently 
being set up. 
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EAC Membership 
 
The Committee met approximately quarterly throughout the calendar year. The EAC consists of 
one representative from each UNENE member. Mahesh Pandey was the Chairman, and Emily 
Corcoran was the Vice-Chairwoman, for the reporting period. EAC meetings are generally 
combined with RAC meetings. At the end of the reporting period, the combined EAC/RAC 
Committee Membership was as follows: 
 
CNL                Bob Speranzini (RAC Chair) / Ramesh Sadhankar 
Bruce Power   Peter Purdy       
Guelph    Peter Tremaine 
McMaster   John Luxat / Dave Novog 
NWMO    Paul Gierszewski  
OPG    Saad Dahdouh / Robert Veldhuis 
Queen’s   Mark Daymond   
RMC    Emily Corcoran (EAC Vice-Chair) 
Saskatchewan   Chary Rangacharyulu 
Toronto   Roger Newman 
UOIT    Brent Lewis / George Bereznai / Tony Waker / Ed Waller  
Waterloo   Mahesh Pandey (EAC Chair)   
Western   Jin Jiang 
Windsor   Ram Balachandar 
CNSC     Keith Dewar / David Newland  
COG    Frank Doyle  
AMEC Foster Wheeler John MacKinnon 
École Polytechnique  Jean Koclas 
UNB    Derek Lister   
NRCan    Dan Brady 
Candu Energy   Sermet Kuran 
COG    Frank Doyle / Gabe Balog    
 
Ex-officio UNENE Officers: 
President   Basma Shalaby    
Program Director  Victor Snell    
Secretary/Treasurer  Ben Rouben  
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RESEARCH ACTIVITIES  ............................................................    
 
 

Report of the Research Advisory Committee (RAC) 
 
Robert Speranzini, RAC Chair 
 
 
THE PRIMARY OBJECTIVES OF UNENE are to conduct 
research and train personnel in CANDU technology through 
establishing Industrial Research Chairs (IRC) in Ontario 
universities and funding research at other Canadian 
universities. Six IRCs, some with associate IRCs, are currently 
in place. Several Collaborative Research and Development 
(CRD) projects have also been awarded to other researchers 
at Canadian universities. The established IRCs and ongoing 
CRD projects are currently facilitating research on significant 
industry issues, resulting in researchers being trained in 
specialized fields of CANDU technology to help replenish 
CANDU expertise in the industry.   
 
The Research Advisory Committee of UNENE meets three times a year.  Robert Speranzini 
chaired the committee in this reporting period.  The Committee membership for this reporting 
period comprised: 
 
AECL   (Chair)  Robert Speranzini  
Bruce Power    Peter Purdy    
OPG     Saad Dahdouh   
COG     Frank Doyle 
CNSC     Keith Dewar   
AMEC NSS    John MacKinnon 
McMaster University  (Past-Chair) John Luxat / David Novog 
Queen’s University    Mark Daymond   
Toronto    Roger Newman    
UOIT     Anthony Waker/ Ed Waller  
University of Waterloo   Mahesh Pandey    
Western Ontario (Vice-Chair) Jin Jiang   
Ecolé Polytechnique   Jean Koclas    
Royal Military College   Emily Corcoran 
Guelph University   Peter Tremaine 
UNENE     Ben Rouben (RAC Secretary) 
UNENE    Basma Shalaby (ex officio member) 
 
The main work of the committee has been: 

1. Reviewing the progress of IRC research programs 
2. Supporting grant applications for research funding that provide effective leveraging of 

UNENE funding. 
3. Sponsoring an R&D Workshop and Student Presentations and Poster Session 
4. Implementing new Collaborative Research and Development (CRD) projects  
5. Monitoring progress of existing CRD research proposals 
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6. Supporting the renewal of IRCs and succession planning for IRCs 
7. Improved progress reporting to better communicate the benefits of UNENE R&D 
8. Improved understanding of university capabilities by facilitating industry member 

tours of university facilities 
9. Strengthening interactions with and visibility of students (e.g. through student poster 

and student presentation sessions). 
 

CHAIR PROGRAMS : The currently established UNENE/NSERC IRCs cover six critical 
areas of CANDU technology as described below.  During the period, existing chairs were 
renewed as described below. 
 
1) Nuclear Materials  - Mark Daymond (Senior Chair), Queen’s University. This chair 

program focuses on CANDU Fuel Channels (FC) and primarily on improving the 
understanding of the basic mechanisms of Pressure Tube (PT) deformation and the 
effects of manufacturing variables, microstructure, and irradiation.  The other focus of 
the Queen’s chair program is the understanding of hydrogen effects on PT integrity and 
the behavior of hydrides in zirconium to support research in Delayed Hydride Cracking 
and Fracture. Such degradation mechanisms threaten the structural integrity and end-of-
life of the PTs in CANDU Nuclear Power Plants (NPP).  The Chair was successfully 
renewed in 2012 (to 2017).  Attention was paid during 2013 to progressing construction 
of the Reactor Materials Testing Laboratory (RMTL) with the proton/He accelerator 
installed during the period. 

 
2) Nuclear Safety  - John Luxat (Senior Chair)/ David Novog (Associate Chair), McMaster 

University. This chair program focuses on Nuclear Safety Analysis Methodology and 
Nuclear Safety Thermalhydraulics.  The Nuclear Safety Analysis area includes 
developing “best estimate” models of physical processes, plant conditions and failure 
events and methods to evaluate the propagation of uncertainty in accident analysis to 
ensure safety limits are met at a prescribed confidence level. The research has also 
focused on modelling severe accident phenomena. The other focus of the program is 
theoretical modelling and experimental studies in Thermalhydraulics. The objective in 
this area is to improve understanding of heat transfer behaviour that influences both 
operational safety margins and the integrity of components during accidents. The Chair 
was successfully converted to a Senior IRC and both the Chair and Associate Chair 
were renewed in early 2009 (to 2014, extended to 2015).  Next renewal in progress. 

 
3) Corrosion Control and Materials Performance in Nucl ear Power Systems  - Roger 

Newman (Senior Chair), University of Toronto U of T. The primary focus of research in 
this chair program is corrosion and protection of alloys used in CANDU systems. Model 
alloys are also used, along with atomistic simulation, to interpret the more complex 
behaviour of industrial alloys. A fundamental understanding of corrosion mechanisms is 
vital for plant life prediction, guidance for remedial measures, and materials selection for 
new and refurbished plants. The U of T chair has a particular focus on Steam Generator 
(SG) materials, and also covers some aspects of nuclear waste management such as 
dry storage. Research activities include mechanisms of stress-corrosion cracking in 
high-temperature aqueous environments, intergranular corrosion of Monel, lead effects 
in nickel-alloy corrosion, theory of alloy corrosion and stress corrosion, properties of 
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nanoporous metals formed during corrosion, and electrochemical monitoring in concrete. 
The Chair was successfully renewed in 2014 (to 2019). 

 
4) NPP Instrumentation and Control  - Jin Jiang (Senior Chair), University of Western 

Ontario - UWO.   The objectives of this chair are to:  (1) investigate new control concepts 
and systems in refurbishing the existing plants; (2) develop new techniques to increase 
the reliability of neutron flux detectors; and (3) develop new techniques to relate 
probabilistic-based risk analysis techniques to plant maintenance and outage planning. 
Methodologies being developed include:   (1) establishing software and hardware 
experimental test procedures and environment for evaluating Distributed Control 
Systems; (2) using statistical and time-frequency-based advanced signal processing 
techniques  to detect    abnormal    conditions   in the  neutron   flux   signals; and (3) 
examining  risk – based approaches to safety system analysis and relating risk to 
maintenance optimization using mathematical modeling and aging models. The Chair 
was successfully renewed in 2014 (to 2019). 

 
5) Risk-Based Life Cycle Management  - Mahesh Pandey (Senior Chair), University of 

Waterloo. The primary objective of this chair is to advance the risk assessment and life-
cycle management of critical components of CANDU reactors, namely, FCs, SGs and 
feeders. In the FC area, the program will develop methods for risk informed methods 
inspection optimization, and probabilistic modeling of spacer degradation. In the area of 
SGs, the program is developing a probabilistic model of SCC for predicting the life 
expectancy of steam generators. In the area of feeders, software to visualize the feeder 
wall thickness scan data is under development. In addition, models for predicting 
corrosion rate in buried piping, common cause failures in safety systems and life 
expectancy of dissimilar welds are in progress. To help nuclear industry demonstrate the 
compliance with environmental standards, the program is also developing statistical 
sampling plans and prediction methods. The Chair was successfully renewed in 2015 (to 
2020). 

 
6) Health Physics and Environmental Safety  - Tony Waker (Senior Chair)/ Ed Waller 

(Associate Chair), University of Ontario Institute of Technology. The primary objective of 
this chair is to advance health physics and environmental safety in support of operating 
CANDU reactors.  This includes conducting research in such areas as: advanced tissue- 
equivalent proportional counters for power plant neutron-gamma monitoring; gas 
electron multipliers (GEMs) for tritium in air monitoring; microdosimetry and radiation 
quality of low energy photons and beta rays; radiation effects on non-human biota; and, 
simulation of CANDU radiation fields, robotic radiation mapping and dose visualization. 
This Chair was successfully renewed in 2014 (to 2019). 
 

NON-CHAIR RESEARCH PROJECTS : A number of CRD projects (3 year term) have been 
awarded to university researchers in previous years with new rounds of CRD’s initiated on 
an annual basis given the strong support for the program from the UNENE funding partners.  
During this period the following CRDs were approved by UNENE and applications have 
been submitted for NSERC matching funding.  

• Robert Klassen, UWO, Effect of He, Irradiation, and Temperature on the Embrittlement 
of Inconel X-750 CANDU Garter Spring Spacers 
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• Peter Tremaine, Guelph, Thermodynamic Data and Models for Coolant and Moderator 
Chemistry Under CANDU Operating Conditions  

 
UNENE R&D WORKSHOP :  A workshop was held in December as part of the UNENE R&D 
review and planning and in concert with a call for new Collaborative R&D (CRD) proposals.  A 
student poster session was coordinated with the workshop and included prizes for the top 3 
posters.  A session for student presentations was also held, following the model of last year’s 
successful session.  About 110 attended the workshop (compared with 95 in 2013, 105 in 2012, 
and 85 in 2011) from industry (OPG, BP, COG, Candu Energy), member universities and other 
universities, and other stakeholders (NRCan, CNSC, CNL, OCE, CNA) with a full agenda for the 
day: 

• industry representatives and stakeholders articulated needs and R&D requirements; 
• existing Industrial Research Chairs (IRCs) and CRD holders gave updates on progress 

and expected benefits of their work; and, 
• potential new CRD holders provided an overview of capabilities and potential new work. 

 
Examples of priorities and/or R&D needs presented includes: 

• safety and licensing; e.g. operational support, severe accident management 
• material degradation assessment and mitigation strategies;  
• components (fuel channels, feeders, SGs, fuel); probabilistic assessment of failures 
• aging and life extension including margin/power recovery 
• security and safeguards 
 

It was clear from university presentations that building of HQP and facilities is ongoing and has 
reached a sustainable and functional level.  Programs focus on key R&D areas of interest to 
industry and stakeholders.   
 
Some discussion focused on potential new programs (NRCan Innovation Agenda) and new 
approaches to funding CRDs and students (OCE). 
 
The call for new CRD proposals was issued based on priorities presented at the workshop.  

 
UNENE STUDENT POSTER SESSION:  A very successful student poster session was 
coordinated with the workshop.  The poster session included 55 posters with about 95 
participants (compared with 40 to 50 posters and 85-90 participants in previous years).  Prizes 
were awarded for the top 3 posters as assessed by a team of industry and university 
representatives according to: 

• Relevance to a current or emerging nuclear industry R&D issue (40%); 
• Quality and originality of the work (30%); and, 
• Effectiveness - poster appearance, and presentation & level of student interaction 

(30%). 
 

Prizes were awarded to: 

• First prize ($1000): Balsam Ibrahim, Western, “Investigating Copper Corrosion under 
Deep Geologic Repository Conditions” 

• Second prize ($600): Daniel Desjardins, RMC, “Analytical Modeling for Transient Probe 
Response in Eddy Current Testing” 
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• Third prize ($400): Levente Balogh, Queen’s, “Quantifying the Recovery of Irradiation 
Defects and Cold Work in NZr-2.5%Nb Using Diffraction” 

 
Honorable mentions: 

• Linda (Michael) Wu, Western, “Radiolysis-Assisted Corrosion of Carbon-Steel Nuclear-
Waste Containers at Near-Weld Region” 

• Tom Sutherland, Western, “Radiolytic Formation of Iron Oxide Nanoparticles” 
 
In addition, an opportunity was given to industry and stakeholders to communicate career 
opportunities for students. 
 
UNENE NETWORK OF NUCLEAR EXPERTS : UNENE chair and non-chair programs have 
created a wide network of nuclear experts in Canada. The industry has significantly benefited 
from this network of expertise through numerous advisory and consultative exchanges. 
Examples of these consultations are presented in the reports of the IRCs. 
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Queen’s University – Mark Daymond  IRC 
 
UNENE/NSERC IRC Program: Nuclear Materials  
 
 
Overview 
 
The IRC was renewed in April 2012 so is approximately half-way 
through its present 5 year term.   
 
The specific goals of the program are to understand the anisotropic 
behaviour of Pressure Tube (PT) 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 and Excel alloy (Zr-
3.5%Sn,1%Nb, 1%Mo), the behaviour of hydrides in bulk Zr-2.5Nb, delayed hydride cracking of 
Zr-2.5Nb and the mechanical behaviour of Ni alloy steam generator tubing (with additional 
funding). During the reporting period, the focus on irradiation damage and its effects of 
properties of Zr alloys has continued. This latter area will be a significant part of the Chair 
program in the future. 
 
 
Program Results / Highlights 
 
One of the key events of 2014 was the finalisation of construction of the Reactor Materials 
Testing Laboratory (RMTL). The accelerator was installed during 2014 with technical 
commissioning starting fall 2014, and expected to continue through 2015. 
 
Significant advances have been made in the past year in the study of Nickel X750 spacer 
materials (Journal 1,2,4,5), with a focus on understanding the contributing factors towards 
irradiation induced embrittlement. Significant progress has also been made in our ability to carry 
out modelling of deformation and to study processing of zirconium alloys (Journals 6,10,11).  
We continue to expand our expertise in the area of ion irradiation as a tool to explore the effect 
of neutron irradiation (Journals 3,7,8,9). 
 
2014 Research Highlights 

Inconel X-750, is a γ’ Ni3(Al, Ti) strengthened superalloy used as tight fitting spacers in CANDU 
fuel channels. Recent crush tests on the ex-service spacers showed that a high dose of neutron 
irradiation in the CANDU flux spectrum reduces the strength and ductility of the material 
significantly compared to properties prior to insertion in the reactor. The underlying mechanisms 
remain unclear though it is undoubtedly associated with the radiation damage.   
 
Heavy ion irradiation has been used as an analogue of neutron irradiation over a wide 
temperature range in an effort to understand the mechanisms involved in this property 
degradation. The irradiation was conducted not only with single ion-beam irradiation, but also 
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with in-situ heavy ion irradiations with hot/cold pre-implanted helium to elucidate the effects of 
transmutation produced helium on irradiation induced cavity and dislocation microstructures.  
 
TEM characterizations demonstrated that irradiations significantly altered the stability of the 
primary strengthening phase γ’, and further that helium was found to play an important role in 
the irradiation-induced instability of γ’ in the materials.  The most important defect structures 
induced from irradiation were recognized as stacking-fault-tetrahedra (SFTs), interstitial loops 
and cavities. The role of helium segregation to the grain boundary as an embrittling mechanism, 
and the conditions under which it occurred, were clarified. 
 
This work complements the study of ex-service spacers and neutron irradiation studies in 
helping to elucidate the mechanism of degradation of In X-750 CANDU spacers. 
 

 a 
 
 
 
 

Figure. 
Underfocus bright field 
micrographs showing cavity 
development during in-situ 1 
MeV Kr2+ irradiation in a sample 
containing 1000 appm helium.  
a) after helium pre-implantation, 
b) 0.68 dpa, c) 2.7 dpa, d) 5.4 
dpa. 
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Realized Outcomes to Industry 
 
Production of a COG report (COG-14-1050, Heavy ion irradiation of Inconel X750 Spacer 
material), summarising our key observations over the last 2-3 years on irradiation damage of 
X750 spacers.  Report is presently within the COG review  process. 
 
Continue to work with Candu Energy on modelling of growth and stress state of hydrides 
(validation of H3DMAP model predictions). H3DMAP is used as input into fitness for service 
guidelines with relation to hydrides forming at flaws.  It is used to predict the growth of hydrides 
at a crack tip under the influence of stress.   
 
The creep models used to calculate the relaxation of stresses at flaws are themselves being 
updated by Kinectrics Inc based on our new understanding of the role of dislocation structures 
on creep anisotropy. This topic is the focus of the COG High Stress Creep Task Group, 
basically to determine to what extent creep at a notch tip influences subsequent hydride 
formation.   
 
 
Research Facilities and Equipment  
 
The RMTL accelerator project funded by CFI/MEDT continues, with equipment purchase, 
installation and commissioning occurring in 2014 (and on into 2015). A full suite is now 
operational and dedicated to nuclear materials testing, including: 

Accelerator (8MeV protons, 12 MeV alpha particles) for irradiation at a range of 
conditions;  
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). 

 
 
Current HQP 
 
Postdoctoral fellows (4):  Yasir Idrees, He (Ken) Zhang, Levente Balogh, David Kerr 
PhD students (9): Kazi Ahmmed, Yasir Idrees, Fei Long, Qiang Fang, Sali Di, Hongbing Yu, 
Travis Skippon, Chris Cochrane,  Elham Nemati 
New PhD students (6): Pooyan Changizian, Qiang Wang, Zhouyao Wang, Cong Dai, Oksana 
Simane, Qingshan Dong  (all joined in 2014). 
MSc students (3): Adam Brooks, Hao (Iris) Wang (both joined in 2014), Megan Swain (part 
time). 
 
 
HQP that Graduated 
 
None in 2014. 
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Publications 
 
Journal Papers: 

H.K. Zhang, Z. Yao, M.R. Daymond, M.A. Kirk, “Elevated temperature irradiation damage in 
CANDU spacer material Inconel X-750”, J. Nuc. Mat., v445(1-3), p227-234 (2014) 

1. H.K. Zhang, Z. Yao, M. Kirk, M.R. Daymond, “Stability of Ni3(Al, Ti) gamma prime 
precipitates in a nickel based superalloy Inconel X-750 under heavy ion irradiation”, Met. 
Mat. Trans. A, v45A, p3422-3428 (2014). 

2. H.K. Zhang, Z. Yao, Z. Zhou, O. Kaitasov, M.R. Daymond, “Radiation induced 
microstructures in ODS 316 austenitic steel under dual-beam ions”, J. Nuc. Mater., v455(1-
3), p242-247 (2014) 

3. H.K. Zhang, Z. Yao, M.R. Daymond, M.A. Kirk, “Cavity morphology in a Ni based 
superalloy under heavy ion irradiation with cold pre-injected helium”, v115, 103508, J. App. 
Physics (2014) 

4. H.K. Zhang, Z. Yao, M.R. Daymond, M.A. Kirk, “Cavity morphology in a Ni based 
superalloy under heavy ion irradiation with hot pre-injected helium”, v115, 103509 J. App. 
Physics (2014) 

5. E. Francis, B.M Grant, J. Quinta da Fonseca, P.J. Phillips; M.J. Mills; M.R Daymond; M. 
Preuss, “High temperature deformation mechanisms in a polycrystalline nickel base 
superalloy studied by neutron diffraction and electron microscopy”, v74(1), p18-29, Acta 
Mater. (2014) 

6. A. Khan, Z. Yao, M.R. Daymond, “Microstructure Evolution during Electron and Ion 
Irradiation in Commercial Purity Magnesium”, Phil Mag A, v94(17), p1909-1923  (2014) 

7. F. Luo, Z. Yao, L. Guo, J. Suo, Y. Wen, “Convoluted dislocation loops induced by helium 
irradiation in reduced-activation martensitic steel and their impact on mechanical 
properties”, Mat. Sci. Eng. A, v606, p390-396 (2014) 

8. F. Luo, L. Guo, S. Jin, T. Li, J. Chen, J. Suo, F. Yang, Z. Yao, “Effects of Ti element on the 
microstructural stability of 9Cr-WVTiN reduced activation martensitic steel under ion 
irradiation”, J. Nuc. Mat., v455(1-3), p37-40 (2014) 

9. M. Sattari, R.A. Holt, M.R. Daymond, ‘Aging Response and characterization of precipitates 
in Zr alloy Excel pressure tube material”, J. Nuc. Mat., v452(1-3), p265-272 (2014) 

10. M. Sattari, R.A. Holt, M.R. Daymond, ‘Variant Selection and Transformation Texture in 
Zirconium Alloy Excel,  J. Nuc. Mat., v453(1-3), p120-123 (2014) 

 
Conference Presentations: 

Members of the group have presented at the Ottawa American Society of Materials meeting (3 
posters), and the UNENE R&D Workshop (2 oral presentations, 10 posters) 
Invited oral presentations were made at; 

- Workshop on Use of Ion Irradiation for Simulation of Neutron Irradiation at Ann Arbor, MI;  
- TMS 2014 in San Diego, CA;  
- Gen-IV Super Critical Water Reactor conference in Vancouver, BC 
- American Conference on Neutron Scattering in Knoxville, TN. 
- Denver X-ray Conference, Big Sky, MT 
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Contributed oral presentations at: 

- TMS 2014 in San Diego, CA;  
- Denver X-ray Conference, Big Sky, MT 
 
 
Interactions / Consultations with 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 and the COG Fuel Channel Deformation Working Group. 

Prof. Daymond is a member of the COG Fuel Channel Working Group on Crack Initiation and 
Fracture, the COG Fuel Channel Deformation Working Group 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.   

M.R. Daymond continues his collaboration with the Commissariat a l`Énergies Atomique (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. 
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 Western University – Jin Jiang IRC  
 
UNENE/NSERC IRC Program:  Controls, Instrumentation and 
Electrical Systems 
 
 
Overview 
 
The Control, Instrumentation & Electrical System (CIES) Laboratory at 
The University of Western Ontario has entered its twelve’s successful 
year of operation. With support from UNENE industrial partners and 
NSERC, the research lab has become an internationally recognized 
centre of excellence in Control, Instrumentation and Electrical Systems 
for nuclear power plants. In total, over 45 Highly Qualified Personnel 
(HQP) have been successfully trained and many of them are now 
playing important roles in the nuclear industry in Canada as well as 
internationally. The overall program for the current program cycle is 
summarized in Fig. 1. 
 
Significant amount of research work has been carried out in the period from 2014 to 2015. In 
additional to expected progress as in the past, there are several major events that are worth 
noting: 
 

(1) A physical nuclear power plant simulator for I&C research (Known as Nuclear Power 
Control Test Facility, NPCTF) has been commissioned in the lab. This system has 
already been used to support five researchers on their research projects (Fig. 2), 

(2) Being a part of ‘Canada's National Design Network’, a project has been awarded by 
Canadian Microelectronics Corporation (CMC) to explore the advantages and special 
issues of deploying industrial wireless systems in nuclear power plant environments. As 
part of this project, wireless sensor network nodes have been installed on the NPCTF to 
acquire real-time data for performance monitoring purposes. The installation of these 
nodes can be seen in Fig. 3.  The data can also be accessed remotely via web portals, 
(ses insertion in Fig. 3), and 

(3) A wireless liquid level measurement system has been developed in the lab as shown in 
Fig. 4. This system can transmit level measurement up to 30 meters wirelessly. Efforts 
are still being made to identify potential industrial partners to commercialize such 
systems. 
 

The Chair and the research team have organized and/or participated in many activities. Within 
Canada, the 10th Annual UNENE I&C Workshop was successfully held at the COG office in 
Toronto on Friday, October 24th 2014. Several representatives from UNENE industrial partners 
attended the workshop. A representative from a nuclear control systems supplier from Dallas 
Texas also attended. A group picture is shown in Fig. 5. 
 
Internationally, from April 8th to 11th, 2014, the Chair was invited to attend a Consultancy 
Meeting to draft a CRP proposal on Wireless Applications in Nuclear Facilities (see Fig. 6). The 
proposal has subsequently been approval by IAEA’s Coordinated Research Activities (CRAs) 
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Committee. The first CRP meeting was held at IAEA head quarter in Vienna on March 30th to 
April, 2nd, 2015.  
It is important to mention that the second meeting has been scheduled at the University of 
Western Ontario from June 27th to July 1st, 2016, in Canada. Canadian nuclear industries will be 
informed for this event, and invitations will be extended to them. 
 
A new research initiative on instrumentations for post-accident condition monitoring has started. 
The project involves CNL and other partners. The chair is also involved in a working group on 
“Individuals, Technology and Organizational Factors under Severe Conditions” He also 
attended the first workshop at COG on May 11th, 2015. 
 
 
Program Results / Highlights 
 
The research program for the current IRC program cycle can be illustrated in the diagram 
below:  
 

 

 

Fig. 1 Overview of research activities under the IRC program 

 

The research activities have been divided into two themes: (1) Advanced Control Systems; and 
(2) Performance Monitoring, for nuclear power plants. The research under the first theme has 
further been divided into safety systems and process control systems. Five topics will be 
investigated, including 1) predictive safety systems, 2) passive safety systems, 3) intelligent 
autonomous control, 4) control for SCWR, and 5) adoption of advanced technologies (fieldbus, 
wireless, smart sensors). Under the second theme, monitoring techniques under both normal 
and post-accident conditions are examined. This theme consists of four topics: 1) wireless 
technologies for equipment health monitoring within a nuclear power plant, 2) smart devices for 
plant condition monitoring, 3) environment monitoring, as well as 4) radiation monitoring in a 
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post-accident condition where radiation hardened wireless sensor technologies will be 
investigated. 
 
The scope of the research program has also been extended with supplementary financial 
supports from CMC, CNL sponsored projects, and an NSERC CRD grant. The University 
Innovation Fund has also provided support in the development of a wireless level measurement 
system (Fig. 4). 
 
It is expected that 19 highly qualified personnel will be trained through this program over the 5 
year period of this term of the IRC program. 
 
The Chair also offered a UNENE M.Eng. course UN0601 in January 2015.  A class picture is 
shown in Fig. 7.  
 
The Chair has been awarded “2015 Harold A. Smith Outstanding Contribution Award from the 
Canadian Nuclear Association.” The award certificate was presented at the CNS conference on 
June, 2nd (See Fig. 8.) 
 

 

 

 

 

Fig. 2 Nuclear Power Control Test Facility (NPCTF) 

 

 



UNENE ANNUAL REPORT 2014        30 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Data acquisition via wireless sensor notes with remote access via networks 

 

 

 

Fig. 4 A wireless enabled liquid level measurement system  
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Fig. 5 10th Annual nuclear I&C workshop held at COG 

 
 

Research Facilities 
 
Over the last twelve years, we have established a suite of state-of-the-art research facilities to 
support research activities in the IRC program and to create a hands-on training environment for 
highly qualified personnel (HQP). The facilities have been upgraded to support the on-going 
research needs. The main improvement in 2014 is the commission of the NPCTF, and fully 
instrumented with WirelessHART sensor nodes.  A summary of the major facilities are 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 with WirelessHART, ZigBee protocols, and 

• Smart sensor development systems 

• Nuclear Process Control Test Facility (NPCTF) 
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Current Members of Research Team (as of December 31st, 2014) 
 

• Dr. Jin Jiang (IRC Chair) 

• Dr. Xinhong Huang (Research Engineer) 

• Dr. Ataul Bari (Research Engineer) 

• Dr. Sungwhan Cho (Postdoctoral Fellow) 

 

• Mr. Jianping Ma (PhD Candidate) 

• Mr. Drew Rankin (PhD Candidate) 

• Mr. Ahmad Osgouee (PhD Candidate) 

• Mr. Quan Wang (PhD Candidate) 

• Ms. Xirong Ning (PhD Candidate) 

• Mr. Qiang Huang (PhD Candidate) 

• Mr. Simon Liu (MESc Candidate) 

• Mr. Michael Gverzdys (MESc Candidate) 

• Mr. Binggang Cui (MESc Candidate) 

• Mr. Rohit Maitri (MESc Candidate) 

 

 
Publications (selected) 
 
Journal Papers: 

[1] G. Dutta, R. V. Maitri, C. Zhang, and J. Jiang, "Numerical Models to Predict Steady and 
Unsteady Thermal-hydraulic Behaviour of Supercritical Water Flow in Circular Tubes," 
Nuclear Engineering and Design, Vol. 289, pp. 155–165, 2015. 

[2] G. Dutta, C. Zhang, and J. Jiang, "Numerical Analysis to Investigate the Effects of Thermal-
hydraulic Instabilities on Deterioration Heat Transfer and Wall Temperature in the CANDU 
Supercritical Water Reactor," ASME, Nuclear Engineering and Radiation Science, 
(Accepted for publication), Feb. 27, 2015. 

[3] G. Dutta, C. Zhang, and J. Jiang, "Analysis of Parallel Channel Instabilities in the CANDU 
Supercritical Water Reactor," Annals of Nuclear Energy, Vol. 83, pp. 264-273, 2015. 

[4] B. S. Wang, D. Q. Wang, J. Jiang, J. M. Zhang, and P. W. Sun, "Efficient functional 
reliability estimation for a passive residual heat removal system with subset simulation 
based on importance sampling," Progress in Nuclear Energy, Vol. 78, pp. 36-46, Jan. 2015. 

[5] G. Dutta, C. Zhang, J. Jiang, "Analysis of Flow Induced Density Wave Oscillations in the 
CANDU Supercritical Water Reactor," Nuclear Engineering and Design, Vol. 286, pp. 150–
162, 2015. 

[6] J. P. Ma and J. Jiang, "Analysis and Design of Modified Window Shapes for S-Transform to 
Improve Time-Frequency Localization," Mechanical Systems and Signal Processing, 
Elsevier, Vol. 58–59, pp.271–284, 2015.  
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[7] J. P. Ma and J. Jiang, "Semi-Supervised Classification for Fault Diagnosis in Nuclear Power 
Plants," Nuclear Engineering and Technology (NET), Vol. 47, pp. 176–186, 2015.  

[8] L.Z. Xia, J. Jiang, and J. Luxat, "Power Distribution Control of CANDU Reactors Based on 
Modal Representation of Reactor Kinetics," Nuclear Engineering and Design, pp.323-332, 
August 2014.  

[9] P. W. Sun, J. Jiang, and K. Wang, "Decoupling Control of Canadian Supercritical Water-
Cooled Reactors,’ Nuclear Technology, Vol. 185, no. 3, pp 239-258, March 2014.  

[10] X. Yu and J. Jiang, "Analysis and Compensation of Delays in FF H1 Fieldbus Control Loop 
using Model Predictive Control," IEEE Trans. on Instrumentation and Measurement, Vol. 
63, No. 10, pp. 2432 - 2446, 2014.  

[11] A. Bari and J. Jiang, "Deployment Strategies of Wireless Sensor Networks in Nuclear 
Power Plants," ANS Journal of Nuclear Technology, Vol. 187, No. 1, pp. 82-95, July 2014.  

 
Refereed Conference Papers: 

[1] S. W. Cho, and J. Jiang, "Tree Analysis of the Shutdown System in a Physical Nuclear 
Power Plant Simulator," 9th International Topical Meeting on Nuclear Plant Instrumentation, 
Control, and Human Machine Interface Technologies (NPIC&HMIT 2015). 

[2] J. Jiang, J. P. Ma, D. J. Rankin, A. Bari, "A Physical Simulator in supporting of Research & 
Development for Instrumentation and Control Systems in Nuclear Power Plants," 9th 
International Topical Meeting on Nuclear Plant Instrumentation, Control, and Human 
Machine Interface Technologies (NPIC&HMIT 2015).  

[3] S. W. Cho, and J. Jiang, "A Study of Analytical Redundancy of the Heater Control Process 
of a Physical Nuclear Power Plant Simulator," 9th International Topical Meeting on Nuclear 
Plant Instrumentation, Control, and Human Machine Interface Technologies (NPIC&HMIT 
2015).  

[4] X. R. Ning and J. Jiang, "Identification and Analysis of Safe Operating Boundary of 
Dynamic Systems," 9th International Topical Meeting on Nuclear Plant Instrumentation, 
Control, and Human Machine Interface Technologies (NPIC&HMIT 2015).  

[5] M. Gverzdys, J. Jiang, T. Schaefer and S. Yang, "Implementation and Experimentation of a 
Reactor Shutdown System using HFC6000," 9th International Topical Meeting on Nuclear 
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Fig. 6 IAEA Consultancy Meeting on Wireless Technologies in Nuclear Power Plants 
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Fig. 7 UNENE M. Eng. course UN0601 class photo (2015) 

 

 

Fig. 8 Harold A. Smith Outstanding Contribution Award from the Canadian Nuclear Association 
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McMaster University – John Luxat IRC 
– David Novog (Associate IRC) 

 
UNENE/NSERC IRC Program:  Nuclear Safety Analysis 
 
 
Overview 
 
The research focuses of the NSERC/UNENE Industrial 
Research Chair and Associate Chair in Nuclear Safety 
Analysis at McMaster University is nuclear safety 
analysis methods, nuclear safety thermalhydraulics 
and severe accident prevention/mitigation. The 
objectives for this research program are to perform 
industry relevant research, generate top quality 
graduates for the nuclear industry, and provide an 
expert resource for industry, government, public and 
media consultations. 
 
The success of this program is illustrated through: a) 
the extent and frequency of industry consultations by the chairs, b) the number and quality of 
the HQP produced, c) the research output and additional leveraging of resources, and d) the 
number of media and public requests for IRC input. 
  
The scope of the research covers the multi-disciplinary nature of nuclear safety analysis and 
severe accident analysis. This requires knowledge and skills that can be found in the Faculty of 
Engineering at McMaster University. The Chair program enhances and extends this nuclear 
safety knowledge and skills base while actively supporting the Canadian nuclear industry. The 
Chair program has enabled McMaster University to establish a robust, innovative and 
sustainable faculty research network and has been recognized internationally for its research 
and quality of graduates. A major success indicator has been the very high degree of leveraging 
and the number of lead roles assumed by the chairs. 
 
The NSERC-UNENE Industrial Research Chair in Nuclear Safety Analysis was established in 
2004 with John C. Luxat as the Executive IRC.  Subsequently David R. Novog was hired as the 
Associate IRC Chair in 2006.  In 2009 Dr. Luxat’s Executive IRC was converted to a Senior IRC 
and both he and Dr. Novog had their terms renewed for a further 5 year term following an 
NSERC site visit. Currently the Chairs are in the application stage for the third term.  
  
Since the initial award, the IRC program has catalyzed nuclear research and HQP training at 
McMaster as evidenced by new faculty hires in nuclear engineering and materials, expansion of 
HQP from 3 to over 30 enrolled graduate students. The success of the Chairs has also led to 
expansion in the number of faculty in nuclear engineering at McMaster with a new reactor 
physics professor who joined in 2009. An additional senior professor was hired in 2012 
specializing in nuclear waste management and was awarded a Tier I Canada Research Chair.  
Over the course of the chair program 3 distinguished visiting scholars in the safety analysis area 
have resided at McMaster. 
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The resulting knowledge, skills and innovation are applied to improving safe operation and 
competitiveness of nuclear power generation, and to examine severe accident behaviour and 
accident management for beyond design basis events. Novel research is aimed at improving 
the quantification of safety margins, helping to regain operating margins of nuclear generating 
units, improving the quality, efficiency and cost effectiveness of toolsets used and supporting 
the development of advanced CANDU reactor designs. This research continues to provide 
measurable contributions to operating power plants by improving the safety, reliability and 
competitiveness of generating units, expansion of the tools and experiments supporting the 
safety cases, and helping meet the HQP training requirements for the nuclear energy sector. 
  
The program has advanced beyond Canada to include international cooperation and 
exchanges.  Examples of these activities include participation in OECD-NEA and IAEA activities 
and working groups, student exchanges and visiting research positions, and recognition at 
international meetings and conferences. 
 
The research objectives of the IRC program are related to: 

- Nuclear safety, plant modeling and uncertainty estimation – the focus here is on 
improved modeling and uncertainty approaches so as to better demonstrate available 
margins and event progressions.     

- Severe accident phenomena and mitigation means - given the wide ranging implications 
of Fukushima on the nuclear industry, McMaster is working in collaboration with many 
international researchers.  This includes examining international methods and tools for 
severe accident predictions and new experiments to support in-vessel retention. 

- Development of risk analysis methodologies for extreme events which are 
complementary to probabilistic risk assessment – this includes collaboration with 
industry stake holders on multi-unit accident effects and overall plant robustness. 

- Thermalhydraulic performance and improved reactor output - research here focuses on 
the improvement of methodologies and their experimental bases such as to support the 
fuel and fuel channel integrity metrics. 
 

These activities make use of existing facilities at McMaster (such as the McMaster Nuclear 
Reactor), newly built facilities (such as the Critical Heat Flux Test Loop) and the CFI-MRI 
funded Center for Advanced Nuclear Systems(CANS) which is in the process of in the final 
stage of completion.   
 
 
Research Facilities and Equipment 
 
Over the first two terms of the IRC there has been exceptional success in leveraging industry 
investments and expansion of university facilities related to nuclear engineering: 
 

ORF-Research Excellence: In 2008, McMaster University, along with five partner 
universities, was awarded an Ontario Research Fund – Research Excellence (ORF-RE) 
award entitled “Nuclear Ontario” with Dr. Luxat as the Principal Investigator and Dr. 
Novog as a co-principal investigator. This program is complementary to UNENE and 
provided an addition $5M of provincial funding to support nuclear research at six 
universities in Ontario.  The ORF project was wrapped up over the last several years 
and was judged to be extremely successful based on the research output, infrastructure 
improvements and HQP generated.   
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CFI-MRI research Infrastructure:  In 2008 Dr. Luxat led a regional, multi-university, 
proposal to the Canadian Foundation for Innovation (CFI) and the Ontario Ministry for 
Research and Innovation (MRI) to establish the Center for Advanced Nuclear Systems 
(CANS). This $24.5M regional facility will provide a suite of hot cells for Post-Irradiation 
Examination (PIE), mechanical testing and electron microscopy of irradiated materials 
from nuclear reactors; advanced material characterization tools, such as a 3-D Atom 
Probe and two SEM/FIB devices; a thermal testing laboratory (at McMaster); and a 
radiation dose laboratory (at UOIT). The PIE facility is the only one of its kind at a 
university world-wide (see Fig. 1). This infrastructure, together with the McMaster 
Nuclear Reactor and the Canadian Center for Electron Microscopy, provides a world 
class materials and thermal testing center unique in North America. The project was 
supported by a majority of Canadian nuclear energy related companies (OPG, Bruce 
Power, AECL, Kinectrics) as well as a number of leading international organizations 
(EPRI, EdF, Bechtel).  In addition Dr. Novog received a $275k CFI - Leaders Opportunity 
Fund grant for a Phase Doppler Anemometer System for thermalhydraulic experiments.  
 

 
 Fig. 1  CANS PIE Hot Cell Facility nearing completion  

 
NSERC-COG: In 2014 Dr. Novog was awarded an NSERC-COG CRD in the area of 
moderator subcooling experiments with a total budget of $500k. The project will 
construct a new moderator test facility and supporting instrumentation to collect new 
data for Computational Fluid Dynamics validation. 
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CNSC Special Project: Dr. Novog received an additional $100k from the CNSC to 
support CFD applications in the nuclear safety analysis area and for participation in the 
OECD-NEA led benchmark on bundle flow predictions.   
    
Canadian SCWR Program – From 2008 through 2014 Dr. Novog participated in the 
national GEN IV program with a total budget of $600k.  Within this program he was 
integral in establishing the safety design for the new reactor concept and performing 
some of the first safety analysis to assist CRL in its design activities.  Within this 
program, Dr. Novog applied new safety analysis tools and methodologies (PARCS, 
SCALE, RELAP) which have benefited the utilities by increasing the knowledge base 
related to these tools. 
     

The computational facilities at McMaster have undergone significant upgrades as a result of the 
IRC program in safety analysis and successful leveraging opportunities. The computational 
facilities include a central computational cluster and several high performance workstations.  A 
Linux-based high performance computer cluster with a total of 88 processors, 144 GB of 
memory and 6 TB of disk storage.  In addition students utilize 8 high-performance workstations 
for various CFD, physics and thermalhydraulic analyses. 
 
A key component of the IRC/AIRC research is in the area of computational tools, model 
development and validation.  Through license agreements with AECL and students are currently 
conducting research using the CATHENA, ASSERT, RFSP, WIMS suite of computer codes in 
addition to the legacy codes (SOPHT, SMOKIN, FISSCON, FUELPIN, CURIES-II, CHAN-II, 
PATRIC, SOURCE 1.1 and HOTSPOT) provided by OPG.  Generic computational and 
engineering tools are also being utilized including STAR-CD (STAR CCM+), COMSOL 
Multiphysics, Matlab and FlexPDE software packages. 
    
Through the agreements between COG and RSICC code databank access was obtained to the 
SCALE reactor physics package, used by 3 students for propagating nuclear data uncertainties 
to the few group collapsed cross sections. This included work using TSUNAMI, TRITON and 
KENO packages within SCALE. Also access to MCNP and SERPENT is provided where one 
student is engaged in an experimental and computational study of gamma flux distribution in the 
McMaster Nuclear Reactor core and another student is examining the application of SCALE to 
CANDU technologies. Through the US NRC CAMP agreement McMAster is also piloting the 
application of the RELAP/TRACE and PARCS toolset for CANDU.  Access to the USNRC 
sponsored and Sandia Laboratories developed MELCOR severe accident software was 
obtained through the CNSC. 
 
Experimental Thermalhydraulics and Severe Accident Phenomena 

Several new experiments were performed covering transient and steady state CHF and post 
dryout heat transfer to enhance methodologies and code capabilities in support of the fuel and 
fuel channel integrity metrics. A high pressure CHF and PDO facility was completed in 2012 and 
tests performed under steady state and blowdown transients. In addition to new CHF data 
collected under regions where little data is available (near the critical quality region), new 
blowdown tests were completed which demonstrated the robustness of the industry prediction 
methods and also helped resolved some long-standing technical issues in literature. 
     
In support of high temperature heat transfer behaviour relevant to design and beyond design 
basis accidents several experiments were performed on CHF and quench behaviour.  A PhD 
was also completed on high temperature quench behaviour in cylindrical geometries and 
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several publications generated in collaboration with the Department of Mechanical Engineering.  
Another CHF facility was built to obtain low pressure CHF data on downward facing surfaces to 
study the behaviour under these configurations, relevant to severe accidents in CANDU 
reactors, in particular In-Vessel Retention of molten corium. As a result of the quench (see 
Figure 2) and CHF tests new experiments are being performed to support CHF on external 
surfaces (calandria vessel and calandria tubes) as well as examining heat transfer under 
severely degraded situations.  
  

 
 
Figure 2: Image processed sequences of droplet explosion on various heated surfaces at Ts = 
300oC 
  
Interfacial Area Measurements 

Interfacial area plays a key role in two-phase flow since it dictates the phase-to-phase transfer 
processes (mass, momentum and energy). Most thermalhydraulics codes in wide application 
today use a combination of flow regime and void fraction to deduce the interfacial are at each 
point in a flow. Advanced codes and concepts use additional relationships to predict the 
interfacial area without using the flow regime concept, but these new methods suffer from a lack 
of high quality experimental data. Using the ultra-high speed videography equipment acquired in 
the CFI-MRI award, , McMaster is providing much needed experimental data on interfacial area 
through flow restrictions. The figure below illustrates the interfacial area change in a flow 
restriction where turbulence levels near a flow restriction (or bearing pad) overcome the surface 
tension forces and cause bubble breakup. 
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Figure 3: Optical images of interfacial area and its change through and flow restriction under 
high liquid velocity conditions taken at 10000 fps.   Observed turbulence induced bubble 
fragmentation.  
 
To further understand these phenomena an MASc student examined the flow and turbulence 
levels downstream of a CANDU type bearing pad. The most interesting result from the high 
definition laser velocity measurements is the appearance of swirl-like structures n the wake of 
the bearing pads, which appear to enhance bubble fragmentation phenomena, in addition to 
providing local heat transfer enhancement. 
 

 
Figure 4: Laser velocity measurements downstream of a CANDU bearing pad showing the 
presence of recirculation flows at lower locality and heat-transfer enhancing swirl-structures at 
higher velocities. 
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Transient CHF Test Facility 

As part of the Luxat CFI grant the CHF test facility at McMaster was expanded to upgrade the 
pump system and power supplies. Transient blowdown CHF experiments are underway at 
McMaster to determine the CHF characteristics under high-speed depressurization.  Figure 5 
shows some photos of the upgraded facility and the latest heat transfer and CHF test results. 
 
 
  
 

Figure 5: transient CHF Test Facility and Results.  (Left), phase separator and coiled heat 
exchangers, (top right) new pump system, (middle right) new power supply cable for test section 
and preheater. (Bottom-left) New heat transfer database as a function of heat flux and (bottom-
right) New CHF data in the critical quality region and comparison to AECL look up table. 
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Research Program 
 
The research program at McMaster continues to be very strong and covers a large number a 
projects.  In 2015 the Chair programs will apply for a third-term renewal with NSERC.  The high 
level objectives of the NSERC-UNENE Senior Industrial Research Chairs in nuclear safety and 
thermalhydraulics are to: 
 

1. Develop and enhance analysis methodologies in the area of nuclear safety analysis with 
a focus on improving nuclear safety, accident analyses and uncertainty estimation. 

2. Support the development of severe accident analysis methodologies and mitigation 
strategies. 

3. Perform fundamental and applied research and development in the areas of 
thermalhydraulics under normal and accident conditions and assess the potential for 
improved reactor output. 

4. Support assessment of Fuel and Fuel Channel Integrity under accident conditions. 
5. Train the next generation of Highly Qualified Personnel for the nuclear industry. 
6. Provide expertise to the university, government and the public in the area of nuclear 

safety. 
 

Consistent with these high level objectives, the proposed research program of Dr. Luxat’s IRC 
for the next term will focus on the following areas: 

• Severe Accident Modeling and Analysis 
• Severe Accident Mitigation and Nuclear Safety Risk Assessment 
• The Safety of Advanced Fuel Cycles in CANDU reactors 
• Development of advanced methodologies for nuclear safety analysis and supporting 

experimental studies. 
• Consolidation of analysis methodology for evaluating Fuel Channel Integrity 

(consolidation of work completed in previous terms) 
• Advancement of the understanding of the inter-relationships between uncertainties in 

safety calculations. 
•  

The research program for Dr. Novog’s IRC for the next term will focus on: 

• Enhanced operating flexibility and reactor output by exploring alternative methodologies 
to enhance margins. 

• Severe Accident Modeling and Analysis 
• Safety of Advanced Fuel Cycles in CANDU reactors 
• Experiments and analysis to support Fuel and Fuel Sheath temperature predictions 
• Application of new toolsets and methodologies to CANDU in support of refurbishment 

and long term code replacement planning. 
• Uncertainty analysis methods 

 
These focus areas are all of high importance to the Canadian nuclear industry due to: 
unresolved issues with severe accidents, their mitigation and methods to accommodate 
uncertainties associated with common cause external hazards in multi-unit site nuclear safety 
assessments (issues that have developed from the Fukushima events); efforts underway by 
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CANDU reactor designers to develop and market reactors that are optimized to handle multiple 
advanced fuel cycle options. 
 
 
Training and Enrolment 
 
The IRCs at McMaster have been extremely successful.  A total of 20 Masters students have 
graduated from the program over Terms 1 and 2 with three more thesis defences pending.  
Seven PhD student have graduated including 2 who completed in 2014.  Currently there are 13 
Masters and 6 PhD students enrolled in the nuclear program supervised by Dr. Luxat and Dr. 
Novog.  Approximately 13 past students are employed at AMEC-NSS, 3 at CANDU Energy, 4 at 
CRL, 9 at Bruce Power and 8 at OPG and 2 at CNSC. 
 
There have been 28 summer student projects in the nuclear area supervised by the IRC 
professors.  Approximately half have gone on to graduate studies and many of the others are 
employed at Bruce Power, OPG, NSS and AECL. In addition 8 graduate students have had 
internships in the Canadian nuclear industry (AECL and NSS) during the program. 
 
Research exchanges and agreements have been, or are being pursued with, Penn State, 
University of Manchester, University of Pisa, INPG-Grenoble, CEA-Cadarache and Idaho 
National Laboratories. A total of 6 McMaster students have gained international experience (4 
more planned) with a comparable number of foreign students performing research at McMaster. 
 
 
Publications 
 
Submitted, Accepted or Published in Journals: 

1. M. Ball, A. Morreale, D.R. Novog, “Total Monte-Carlo Approach for Propagation of Nuclear 
Data Uncertainties in Core Wide Transients in a CANDU Reactor”, in preparation for Nuclear 
Engineering and Design, 2015. 

2. M. Ball, A. Morreale, D.R. Novog, “Local Power Uncertainties due to Nuclear Date 
Uncertainties in a CANDU Reactor”, in preparation for Nuclear Technology, 2015. 

3. M. Ball and D.R. Novog, “The Impact of Nuclear Data Uncertainties on Reactor Physics 
Depletion Calculations and Prediction of Fuel Isotopic Concentrations in a CANDU Fuel 
Bundle”, Submitted for publication to Nuclear Engineering and Design, 2015. 

4. M. Ball, C. McEwan, J.C. Luxat, D.R. Novog, “The Dilution Dependency Of Multi-Group 
Uncertainties”, Science and Technology of Nuclear Installations, Dec. 2014. 

5. L. Xia, J. Jiang, and J.C. Luxat, “Power distribution control of CANDU reactors based on 
modal representation of reactor kinetics”,    Nuclear Engineering and Design, (278) May 
2014.  

6. A. Rashkovan. D. McClure, D.R.Novog, “Examination of separate effect and integral 
phenomena within a grid spacer with mixing vanes - Results for the MATiS-H OECD-NEA 
benchmark exercise” Nuclear Science and Engineering, 2014. 

7. M. Avramova,A. Manera,D. Cuervo, A. Petruzzi, and D. R. Novog, “OECD-NEA PSBT 
Benchmark”, Science and Technology of Nuclear Installations, 2014.  
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Referred Conference Proceedings: 

1. M. Rohde, J. W. R. Peeters, A. Pucciarelli, A. Kiss, Y. F. Rao, E. N. Onder, P. Mühlbauer, A. 
Batta, M. Hartig, V. Chatoorgoon, R. Thiele, D. Chang, S. Tavoularis, D. Novog, D. McClure, 
M. Gradecka and K. Takase, A Blind, Numerical Benchmark Study on Supercritical Water 
Heat Transfer Experiments in a 7-Rod Bundle”, 5th International Symposium on Supercritical 
Water-cooled Reactors, Helsinki, 2015. 

2. D.R. Novog, Y. Wu, “Response of the Canadian SCWR to Loss of Offsite Power and Station 
Blackout”, the 5th International Symposium on Supercritical Water-cooled Reactors, Helsinki, 
2015. 

3. M. Lou, D.R. Novog, “Loss of Coolant Behaviour in the Canadian Supercritical Water 
Reactor”, the 5th International Symposium on Supercritical Water-cooled Reactors, Helsinki, 
2015. 

4. D. Hummel, D.R. Novog, “Coupled 3D Neutron Kinetics and Thermalhydraulic 
Characteristics of the Canadian SCWR”, the 5th International Symposium on Supercritical 
Water-cooled Reactors, Helsinki, 2015. 

5. F. Salaun, J. R. Sharpe, D. W. Hummel, A. Buijs, D. R. Novog, “Optimization of the PT-
SCWR Control Blade Sequence using PARCS and DAKOTA”, the 5th International 
Symposium on Supercritical Water-cooled Reactors, Helsinki, 2015. 

6. A. Rais, D.R. Novog and “TRACE code application to Low Operating Pressure Research 
Reactor safety analysis”, International Group on Research Reactors Conference, Argentina, 
2014 

7. J. Vecchiarelli, J. Luxat, D. Mullin, and E. Chan, “On the Concept of a Hierarchal Safety 
Goals Framework”, Proc. International Workshop on Multi-Unit PSA, Ottawa, November 17-
20, 2014. 

8. J.Luxat, “The Challenges Of “Black Swan” Events: Risk Analysis and Nuclear Safety”, Proc. 
IAEA Technical Meeting on Developing Methodologies for Complementary Assessment of 
Nuclear Power Plants’ Robustness against the Impact of Extreme Events, Vienna, Austria, 
July 7th -11th, 2014. 

9. J. Luxat, “Complementary Approaches for Risk Assessment and Management”, Proc. Int. 
Workshop on Whole-Site Risk Characterization of Nuclear Power Plants: Site Safety Goals 
and Holistic Approaches to Risk Assessment, Toronto, ON, January 14-15, 2014. 

10. D.R. Novog, C. Frepoli, “The Role of Microscopic and Macroscopic Phenomena in 
Thermalhydraulic Uncertainty Analysis”, submitted to the 2014 Pacific Basin Nuclear 
Conference, Vancouver 2014. 

11. A. Morreale, J.C. Luxat, “The Effect of Actinide Composition on Transuranic Mixed Oxide 
Fuel Performance in CANDU”, 2014 Pacific Basin Nuclear Conference, Vancouver 2014. 

12. D.R. Novog, M. Yetisir, D. Wang G. McGee, “Design Basis Safety Systems and Beyond 
Design Basis Mitigation Systems for the Canadian SCWR”, the China-Canada Conference 
on Advanced Reactor Development, Niagara Falls, 2014. 

13. F. Salun, D.R. Novog, “Examination of Edge Effects and Neutron Leakage in the Canadian 
SCWR”, the China-Canada Conference on Advanced Reactor Development, Niagara Falls, 
2014. 

14. D. Hummel, D.R. Novog, “Stability Analysis Using Coupled DONJON and CATHENA for the 
Canadian SCWR”, the 2014 Pacific Basin Nuclear Conference, Vancouver 2014. 

15. D. Lokuilyana, D.R. Novog, “Modifications and Testing of the COBRA-TF Subchannel Code 
for Application to the Candian SCWR” the 2014 Pacific Basin Nuclear Conference, 
Vancouver 2014. 
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Interactions and Consultations with Industry 
 
A large number or private and public consultations were performed by the IRC and AIRC during 
2014 ranging from technical consulting advisory work.  A summary of these interactions are: 
 
J.C. Luxat 

• Appointed Member & Vice-Chair, CSA N290B Technical Committee: Reactor Safety and 
Risk Management (May 2014). Developing nuclear standards CSA N290.16 – BDBA; 
CSA N290.17 – PSA; CSA N290.18 – PSR. 

• Chair, CSA N290B Technical Sub-Committee developing nuclear standard CSA 
N290.18 – PSR. 

 
D.R. Novog 

• Feb 2015 – CBC Radio North – Storage of Spent Nuclear Fuel 
• Sept 2014 – CHCH Television – Energy Supply Mix in Ontario 
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University of Toronto – Roger C. Newman IRC 
 
UNENE/NSERC IRC Program:  Corrosion Control and Materials 
Performance in Nuclear Power Systems 
 
 
Overview 

This IRC program is entering its third 5 year term, which began in 
September 2014. The research focuses on mechanisms, 
prediction and control of metallic corrosion, with ancillary activities 
such as electrodeposition, studies of hydrogen in Pressure Tube 
(PT) material, and electrochemical condition monitoring generally. 
The materials studied range from industrial alloys through pure 
laboratory melts to simulated alloy lattices. 
 
The group is well equipped for electrochemistry and microscopy, 
including atomic force microscopy, and has a small facility for high-
temperature, high-pressure testing in water, steam or aqueous 
solutions. Collaborations are under way with most local universities 
that have UNENE programs (McMaster, Western, Queen’s, Waterloo), as well as internationally 
(Johns Hopkins, Manchester, Arizona State, etc.). New state of the art local facilities for electron 
microscopy and surface analysis are now available, thanks to a large infrastructure grant: the 
OCCAM facility. 
 
The IRC research takes place alongside research in corrosion aspects of nuclear waste 
management. The group also has interests in aerospace, oil-and-gas and pulp-and-paper, and 
has been funded in both phases of the NSERC-NRCan-AECL Generation IV nuclear program. 
Research on metallic nanomaterials is funded by NSERC. 
 
 
Program Results / Highlights 

PhD students Suraj Persaud and Mariusz Bryk have continued their mechanistic studies of 
stress corrosion cracking in steam generator tubing alloys and their model-alloy counterparts. 
Along with Senior Research Associate Anatolie Carcea, they have developed an improved 
understanding of the factors controlling the remarkably effective performance of Alloy 800 in 
high-temperature aqueous environments. This is timely, in view of the increased international 
interest in this material, with regular conferences being held in Toronto. In fact the international 
interest is less concerned with steam generator tubing than with the potential of Alloy 800 to 
replace ordinary austenitic stainless steels for piping and ancillary core structures in pressure-
vessel types of reactor. Canadian experience with this material is a major factor in this growing 
activity. 
 
Suraj Persaud furthered his work on NiCrFe alloys in a hydrogenated steam environment, 
considered to simulate primary water.  Recent atom probe tomography (APT) work at McMaster 
University allowed for analysis of oxidation processes in Alloy 600 at the atomic scale.  For the 
first time, the path used for Ni expulsion during intragranular internal oxidation was identified, 
Figure 1.  Also, identification of atomic scale processes which may influence primary water 
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stress corrosion cracking were identified at a brittle grain boundary, such as intergranular 
segregation and oxidation of Ti; a general APT map at the grain boundary is shown in Figure 2. 
Further APT work is currently underway on Alloy 600 in the thermally treated condition and to 
identify processes occurring ahead of intergranular oxides. 

 

Figure 1: APT of a metallic Ni nodule on the surface and the internal Cr-rich oxide below in Alloy 
600 exposed to 480 °C hydrogenated steam.  The path  of Ni metal expulsion is visible, likely 
along oxide-metal interfaces.  Also, oxidation and segregation of minor species are identifiable 
at the atomic scale. Note that Cr is present in the light blue (O-rich) areas, along with Fe, but the 
red area of almost pure Cr2O3 is highlighted in this particular image. 

 

 

Figure 2: APT of a grain boundary in Alloy 600 exposed to 480 °C hydrogenated steam.  
Various atoms present are identified.  Further work revealed the presence of a 2-3 nm wide Ti-
rich oxide at the grain boundary. Note that the apparent discontinuity in the grain boundary was 
due to a minor fracture event during evaporation of the sample. 
 

Further work on Alloy 690 and Alloy 82 dissimilar metal welds in a similar environment revealed 
features which help explain the PWSCC resistance observed in these alloys.  Alloy 690 forms 
an external, protective Cr-rich oxide at grain boundaries which impedes intergranular oxygen 
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diffusion; oxidation processes identified in Alloy 690 are shown in Figure 3. The observation of 
internal oxidation intragranularly in this material (29% Cr) is unique, and believed to be a new 
low-temperature phenomenon (internal oxidation being usually studied at much higher 
temperatures, where 29% Cr would always produce an external oxide). Dilution of the weld 
metal by carbon steel results in Alloy 82 dissimilar metal welds having elevated Fe and depleted 
Cr contents which allows for external Cr- and Fe- oxide formation intergranularly. Similar work is 
currently underway on Alloy 800.  Also, a recent proposal with CNL was accepted that will allow 
for exposures in a high temperature primary water loop for comparison with the simulated 480 
°C hydrogenated steam environment. Initial TEM work  supports the idea that the 480 °C 
environment is a valid accelerated simulation of extended primary water exposure, with very 
similar grain boundary oxide chemistries. 
 

 

Figure 3: A high resolution SEM image highlighting the features of interest in a FIB trench in 
Alloy 690 after exposure to hydrogenated steam at 480 °C. The processes of external surface 
oxidation on grain boundaries and internal intragranular oxidation are described. 
 
 
The Research Group (HQP) 
 
As of December 2014, the group consisted of 4 PhD students, 5 MASc students, one 
postdoctoral fellow, and 2 Senior Research Associates. Several undergraduates and MEng 
students also contributed. About 2/3 of this effort was supported by the IRC program. One 
Masters student graduated in 2014. Two PhD students graduated, and are currently working at 
CNL. With the recent renewal of the IRC the group will grow significantly over the next year.  
Three Masters students and one PhD student will be graduating over the next year. The group 
provides expertise in electrochemical and corrosion studies to students and staff from other 
groups of our department, as well as other U of T departments and faculties. 
 
 
Research Facilities 
 
Lab facilities include comprehensive equipment for electrochemistry, an atomic force 
microscope, and autoclaves for electrochemical corrosion and stress corrosion studies, as well 
as small-scale metal working equipment and advanced optical microscopy.  A cold crucible 
induction melter is being purchased and will be used for the production of model alloys; also a 
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dedicated autoclave system will be purchased for studies of lead effects in collaboration with 
CNL. As mentioned, the new state of the art OCCAM facility is now available in the same 
building. Advanced analytical electron microscopy has historically been done in collaboration 
with the National Centre at McMaster University, but will largely be transferred to the OCCAM 
facility; however scientific collaboration with McMaster will continue.  
 
 
Interactions / Consultations with Industry 
 
There has been continuing consulting assistance to OPG in the area of electrochemical 
monitoring in reinforced concrete. The contractor started site work in 2012 and data are being 
analyzed as they are produced. 
 
Laboratory test-development studies were carried out in support of a stress corrosion issue in 
the Canadian nuclear industry, as subcontractor to Kinectrics Inc. 
 
The group hosted a one-day international meeting on SCC precursors organized by CNL and 
COG in November 2014. 
 
 
Publications 
 
Invited presentations were given at the following conferences or workshops  –  
 
First International Symposium on Nanoporous Materials by Alloy Corrosion, Lake Bostal, 
Germany. 
 
Gordon Research Seminar – Aqueous Corrosion, New London, NH (given by Suraj Persaud). 
Alloy 800 International Workshop, Toronto. 
 
The following journal papers, conference papers and book chapters were published or accepted 
in 2014. A star indicates that the UofT portion of the research was mostly supported by the IRC.  
 
Adrian Vega, Roger C. Newman, Nanoporous Metals Fabricated through Electrochemical 
Dealloying of Ag-Au-Pt with Systematic Variation of Au:Pt ratio, J. Electrochem. Soc.,161 C1-
C10 (2014). 
 
Adrian Vega, Roger C. Newman, Beneficial Effects of Adsorbate-Induced Surface Segregation 
of Pt in Nanoporous Metals Fabricated by Dealloying of Ag-Au-Pt Alloys, J. Electrochem. 
Soc.,161 C11-C19 (2014). 
 
Jaganathan Ulaganathan and Roger C. Newman,  The Role of Local Strains from Cold Work on 
Stress Corrosion Cracking of Alpha-Brass in Mattsson’s Solution, Materials Characterization, 
92, 127-137 (2014).* 
 
S.Y. Persaud, A.G. Carcea, J. Huang, A. Korinek, G.A. Botton, and R.C. Newman, Analytical 
Electron Microscopy of a Crack Tip Extracted from a Stressed Alloy 800 Sample Exposed to an 
Acid Sulfate Environment, Micron, 61, 62-69 (2014).* 
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S.Y. Persaud,  R.C. Newman, J. Huang, and G.A. Botton, Internal Oxidation of Alloy 600 
Exposed to Hydrogenated Steam and the Beneficial Effects of Thermal Treatment, Corros. Sci. 
86 108-122 (2014).* 
 
S.Y. Persaud, S. Ramamurthy, and R.C. Newman, Internal oxidation of alloy 690 in 
hydrogenated steam, Corros. Sci., in press (2015).* 
S.Y. Persaud, A.G. Carcea, and R.C. Newman, An electrochemical study assisting the 
interpretation of acid sulfate stress corrosion cracking of NiCrFe alloys, Corros. Sci., in press 
(2015).* 
 
S.Y. Persaud, S. Ramamurthy, R.C. Newman, The Effect of Weld Chemistry on the Oxidation of 
Alloy 82 Dissimilar Metal Welds, Corros. Sci., in press (2015).*  
 
A.B. Cook, N. Gunther, N.P.C.  Stevens, R.C. Newman, D. Engelberg, S.B. Lyon and G. 
McFiggans, Assessing the Risk of Under-Deposit Chloride-Induced Stress Corrosion Cracking 
in Austenitic Stainless Steel Nuclear Waste Containers, Corrosion Engineering Science and 
Technology, 49 529-534 (2014). 
 
N. Stewart McIntyre, Jaganathan Ulaganathan, Todd Simpson, Jinhui Qin, Nathaniel Sherry, 
Michael Bauer, Anatolie G. Carcea, Roger C. Newman, Martin Kunz, Nobumichi Tamura, 
Mapping of Microscopic Strain Distributions in an Alloy 600 C-Ring after Application of Hoop 
Stresses and Stress Corrosion Cracking, Corrosion, 70 66-73 (2014).* 
 
N.S. McIntyre, J. Ulaganathan, T. Simpson, J. Qin, N. Sherry, A.G. Carcea, R.C. Newman, M. 
Kunz, and N. Tamura, Microscopic Cracking on Flat Alloy 600 Surfaces following Accelerated 
Caustic Corrosion: Mapping of Strains and Microstructure during the Corrosion Process, 
Corrosion, in press (2015).* 
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University of Waterloo – Mahesh D. Pandey IRC 
 
UNENE/NSERC IRC Program:  Risk-Based Life Cycle Management of 
Engineering Systems 
 
 
Overview 
 
The main research objective of the Waterloo Chair program is to improve 
the life cycle management of nuclear plant systems through the 
development and application of advanced risk and reliability models. 
Another important objective is the training of HQP for the industry. The 
key research areas include reliability analysis, statistical estimation, 
aging management, site-wide hazard analysis and generation risk 
assessment. Practical applications of the basic research include fuel 
channels, feeders, steam generators and other important systems, 
structures, and components. In 2014, the research program completed 
the second five year phase and now the program is entering in the third 
phase. Key industry-related projects completed in 2014 are summarized 
in the next Section. 
 
 
Research Program and Outcomes 
 
Corrosion of Buried Piping in Nuclear Plants 

A nuclear plant has a fairly sizable network of buried piping which is vulnerable to corrosion 
degradation. In the refurbishment of old stations, reliability of buried piping is a key concern. If 
there is evidence that the remaining life of the piping system is inadequate in relation to the 
second plant lifetime, expensive remediation work will be required.  
 

 

Figure 1:  Distributions of steady state corrosion rates of carbon steel piping for different soil 
texture groups. 
 
This project analyzed long-term corrosion data from the nuclear and pipeline industries to 
estimate the probability distribution of corrosion rate in different environments and soil textures.  
Sample results for varying soil textures are shown in Figure 1. The key innovation of the work 
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was the concept of steady state corrosion rate, which was fitted to the data using a two-step 
process involving a logarithmic transformation and regression analysis. The study results can be 
readily used for fitness for service assessment and structural integrity evaluation of buried 
carbon steel and cast iron piping in various soil types and conditions. 
 
Uncertainty Analysis in Leak-Before-Break (LBB) Assessment 

The leak before break (LBB) assessment of pressure retaining components, such as feeder 
pipes and fuel channels, is an important part of fitness for service assessment (FFS). In 
response to regulatory requirements, the nuclear industry has a great deal of interest in 
developing a consistent method for the uncertainty analysis of the output of LBB assessment. 
This project examined the currently available methods, such as two-stage Monte Carlo 
Sampling, and provided technically precise interpretation of results. 
 
A sample analysis is presented in Figure 2, in which the uncertainty bounds are displayed for 
the probability of leak in a pipe. The bounds reflect epistemic uncertainty in the flaw growth rate. 
 

 

 

 

 

 

 

 

 

 

Figure 2:  Sensitivity bounds on the probability of leak over time including the conditional mean, 
median and 5 % and 95 % limits, assuming epistemic uncertainty in the flaw growth rate. 
 
Compliance with Environmental Standards 

The thermal discharge from the Pickering and Darlington stations into Lake Ontario has the 
potential for an adverse impact on aquatic life. An Environment Canada study indicated that the 
thermal plume from nuclear stations increases the mortality of round whitefish eggs. The 
objective of this project was to carry out statistical analysis of experimental data and develop a 
statistical model linking the temperature with the probability of survival of the round whitefish 
eggs. 
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Figure 3 : Survival probability of fish eggs as a function of average test temperature  
(Logistic regression model). 
 
The proposed model was developed based on the logistic regression technique. The model 
results are compared to the experimental data and a legacy model reported by Griffiths (Ontario 
Hydro model from 1980) in Figure 3. As shown in Figure 3, the Griffiths’ model utilized in the 
Environment Canada study is much more pessimistic than the Waterloo model. In summary, our 
analysis helps to remove undue conservatism and increase the margin available for the 
operation of the nuclear plants. 
 
 
Other Projects: 

• Probabilistic modelling of degradation of optimized Inconel X750 spacers 
• Reliability analysis of fuel handling machines 
• Prediction of creep deformation in CANDU 6 fuel channels 
• Analysis of feeder weld thinning in Darlington due to flow accelerated corrosion (FAC)  
• Life cycle planning of Tritium Removal Facility  
• Development of data visualization tools for degradation assessment 

 
 
Benefits to Industry 
 

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

power generation  
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Research Team 
 
Current Team: 
PhD – 9, MASc – 3, PDF – 1, Research Associates – 1, Research Engineer – 1 
 
Employment of students after completing the training:  
Lakehead University, AMEC-NSS Toronto, Technology and Engineering Center for Space 
Utilization (China) 
 
 
Publications 
 
Selected Journal Papers: 

(1) Fan, H., Xia, D., Behnamian, Y., Yang, L., Luo, J., Pandey, M.D., Lu, Y., and Klimas, S.  
(2014). Memory Effect and Recoverability of Passive Film Degradation of Alloy 800 in 
Simulated Crevice Chemistry. Nuclear Engineering and Design, 280, 57-61. 

(2) Wu, J., Cascante, G., Pandey, M.D. (2014). Condition Assessment of Longitudinal 
Pavement Joints Using Ultrasonic Surface Wave. Canadian J. Civil Eng., Accepted for 
publication 13 October 2014. 

(3) Zhang, D.Y., Jia, H.Y., Zheng, S.X., Xie, W.C. and Pandey, M.D. (2014). A highly efficient 
and accurate stochastic seismic analysis approach for structures under tridirectional 
nonstationary multiple excitations. Computers and Structures, 145, 23-35. 

(4) Deng, J. Xie, W.C. and Pandey, M.D. (2014). Stochastic stability of SDOF linear 
viscoelastic system under wideband noise excitation. Probabilistic Engineering Mechanics, 
39, 10-22. 
 

Selected Conference Papers / Presentations/Industry Reports: 

(5) Jyrkama, M.I and Pandey, M.D. (2014). Reliability Analysis of the Fuel Handling System at 
a Nuclear Station”. 10th International Conference on CANDU® Maintenance, May 25-27, 
2014, Toronto, Canada. 

(6) Jyrkama, M.I and Pandey, M.D. (2014). LCM Planning of Darlington Tritium Removal 
Facility (TRF) Superheaters. 10th International Conference on CANDU® Maintenance, 
May 25-27, 2014, Toronto, Canada. 

(7) Shuo, Y., Pandey, M.D. Yalaoui, S. and Akl, Y. (2014). Common Cause Failure 
Parameters Quantification Using ICDE Database. Pages 1-10. 12th Conference on 
Probabilistic Safety Assessment and Management- PSAM12. Honolulu, Hawaii, USA 22-
27 June 2014. 

(8) Balomenos, G., Polak, M.A. and Pandey, M.D. (2014). Reliability analysis of a reinforced 
concrete slab-column connection without shear reinforcement. Structures Congress 2014, 
Boston, MA, April 3-5, 2014. pp. 835-846. doi: 10.1061/9780784413357.074. 

(9) Life Safety Impact of Nuclear Safety Regulations and Policy Decisions (2014). Society-
Wide Life Safety and Health Management Symposium, August 11-13, 2014, Copenhagen, 
Denmark. 

(10) Z.-L. Wang, M.D. Pandey, and X.-C. Xie (2014). Seismic Fragility Analysis of the Block 
Masonry Wall in Nuclear Power Plants. 19th Pacific Basin Nuclear Conference (PBNC-
2014)  August 24-28, 2014, Vancouver, Canada. 
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(11) Higo, E. and Pandey, M.D. (2014). Life Quality Impact of Japanese Energy Policy of 
Substitution of Nuclear Energy. The 5th Conference of the International Society for 
Integrated Disaster Risk Management (IDRIM 2014), October 30-31, 2014, London, 
Ontario. 

(12) Angell, P., Pandey, M.D., and Jyrkama, M.I. (2014). Interim Guidelines for Determining the 
Corrosion Rate for Use in Fitness for Service Evaluations of Buried Pipe, EPRI Report 
3002003057, EPRI, Palo Alto, CA. 

 
 

Interactions / Consultations with Industry  
 

• Participation in COG projects with industry partners 
• Organization of Workshops and Conferences 

o Risk and Reliability Training Course for the industry 
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UOIT – Anthony Waker IRC 
 – Edward Waller (Associate IRC) 

 
UNENE/NSERC IRC Program:  Health Physics and Environmental 
Safety 
 
 
Overview 
 
Research directed towards the 
enhancement of radiation protection 
through studies in radiation 
measurement, radiation effects and 
radiation field modelling and 
visualization remains at the core of 
the 2014 renewed IRC in Health 
Physics and Environmental Safety 
at UOIT.  April 2014 marked the 
beginning of the renewed IRC grant 
and the start of an extended 
program of work built on the 
achievements of the first five-year period and including experimental studies for non-human 
biota monitoring as well as environmental radionuclide transport, dose and risk assessment.  
We also continue with research established in the first term concerning improved methods of 
radiation metrology and instrumentation; radiation field modelling; and fundamental studies on 
the effects of low energy beta emitters such as tritium.   
 
During the period January 2014 to December 2014 we have graduated 2 HQPs at the MASc. 
level and 1PhD; we currently have 22 HQPs in training: Senior Chair – 1PDF; 3 PhD; 2 MASc.  
Associate Chair – 4 PhD; 10 MASc; 2 MEng. 
 
A total of (2 Senior Chair; 4 Associate Chair) presentations by IRC HPQs in training have been 
made during the year at various national and international conferences including the Canadian 
Radiation Protection Association annual meeting; the Health Physics Society annual meeting; the 
Canadian Nuclear Society annual meeting; the Symposium on Radiation Measurements and 
Applications (SORMA) and the IEEE Nuclear Science Symposium. Three graduate students of the 
IRC program attended the Wilhelm and Else Heraeus physics summer school on ‘Ionizing 
Radiation Protection of Man’, Bad Honnef, Germany. 
 
UOIT continues to develop its radiation research infrastructure. During 2014 installation was 
completed of an X-80 Hopewell Designs X-ray generator and filter assembly for the ISO 
Narrow-Band series of X-ray spectra. Acquisition of a Detec Inc. Nested Neutron Spectrometer 
was made under the Queen’s University material science accelerator (CFI grant) and expertise 
is being established in using this device for neutron spectrometry and dosimetry. 
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Program Results / Highlights 
 
Real-time Measurements (Senior Chair) 

Canada is a provider as well as a user of nuclear power plant technology and maintaining a 
capability and expertise in nuclear instruments and methods is an important indicator of overall 
competence in nuclear science, particularly when it comes to radiation protection issues that are 
of special interest in CANDU technology. 

In the research field of nuclear instruments and methods we have continued work on detector 
development for mixed field dosimetry and monitoring with a special emphasis on neutron-
gamma fields and tritium.  Real-time monitoring is the first-line of defence in nuclear power plant 
operational health physics and our work is providing the Canadian nuclear industry with 
underlying research and development for improving both neutron and tritium monitoring that the 
industry is no longer able to carry out with its own resources.   

Mixed Neutron-Photon Dosimetry and Tritium Monitoring 
Tissue Equivalent Proportional Counters (TEPCs) are recognized for their potential in neutron-
gamma field radiation protection monitoring and during the first IRC term we demonstrated both 
theoretically and experimentally the increased sensitivity and reduction in instrument size that 
can be obtained from multi-element TEPC designs.  We have continued this work by modelling 
various counter geometries to optimize the design of an instrument for operational health 
physics.  Part of this work is focussed on investigating the feasibility of proportional counters 
that are able to produce gas amplification of the signal without the use of thin anode wires.  The 
purpose of this work is to arrive at a design of detector that would be easier to manufacture and 
be more robust than conventional proportional counters.  Figure 1 shows the hemispherical ball-
anode counter currently being modelled with a prototype for experimental study shortly to be 
constructed.  

Figure 1. Model of a 1 inch hemispherical ball-anode counter 
being investigated for its potential to be manufactured as a 
robust multi-element TEPC for operational health physics.  

In the Canadian nuclear power industry there is a need to 
monitor tritium in air against a background of gamma radiation 
and potentially other radionuclides.  Gas ionization methods 
remain the most sensitive method for the detection of tritium in 
air, however, the electronegative nature of oxygen and water 
vapour severely limits the applicability of proportional counters 
or other gas-amplification ionization devices for charge particle 

detection.  An electron mobility spectrometer (EMS) has been constructed with which we can 
study the performance of different counting gases under different conditions.  This work is being 
carried out by the post-doctoral fellow, Dr. Gloria Orchard and previously we have reported on 
the multiplication and charge collection properties of various gases using a proportional counter 
with a wire anode.  We have now moved our investigation on to study the properties of another 
form of detector that operates without an anode wire namely gas electron multipliers.  In 
particular we are studying multiplication and charge collection with a thick GEM device designed 
at UOIT.  One advantage of GEM like devices is that they can measure ionization patterns in 
two dimensions and have the potential for discriminating short-range beta particle tracks from 
longer-range Compton scattered electrons from gamma rays.  Figure 2 shows the thick GEM 
element now built into our EMS apparatus. 
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 Figure 2.  Thick GEM element designed for the 
study of gas gain and electron mobility in various 
counting gases in an electron mobility 
spectrometer as part of a fundamental study of 
device physics for improving tritium in air 
monitoring.  

 

 

Radiation Quality (Senior Chair) 

Tritium releases to the environment is a radiation protection issue particularly associated with 
the operation of pressurized heavy water reactors and the question of the most appropriate 
radiation weighting factor to use with low energy beta particles often arises for both human and 
non-human biota exposures.  To respond to this research need we have constructed a low 
energy photon source to mimic the tritium beta-particle spectrum.  During 2014 we have 
characterized the x-ray beam by investigating its size, uniformity and dosimetric properties using 
radiographic film and ionization chambers.  We are now at the point where we can use the 
beam in investigations of radiation damage to fish-eggs being carried out under the associate 
Chair’s research program.  Figure 3 shows the result of radiochromic film measurements for X-
ray beam settings typical for the simulation of tritium exposures.  
 

 
Figure 3. radiochromic film 
image of X-ray beam at 1 inch 
from X-ray source at 20 kV 
and the associated film 
density across the beam 
image. 

 

 

 

 

Modelling Radiation Fields (Associate Chair) 

There are numerous requirements for modelling radiation fields in and around nuclear power 
plants.  Three active research projects being investigated by graduate students are (a) modeling 
portal monitor efficiency, (b) modeling contact dose rates from shielded sources and (c) 
deterministic modeling of radiation fields for use in a robotic detection system. 

Whole body counting is an essential radiation protection practice in NPP and Monte Carlo 
(MCNP) simulation of whole body counters and phantoms is a powerful tool to improve 
calibration and interpretation of response; we are working directly with COG, OPG and CNL to 
optimize calibration and use of in-service WBC at OPG stations.   
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Monte Carlo Model of BOMAB phantom in PM12 Portal Monitor 

The results of the work showed that the PM12 Portal Monitors are capable of achieving a 
detection limit of 1% of the ALIs for common gamma emitting radioisotopes.  The work also 
demonstrated that the PM12 is well suited to estimate internally deposited radionuclides with 
gamma emissions greater than 100 keV and with an ALI greater than 1E5 Bq in a short 
measurement time.   

Contact dose rates from shielded sources are significantly higher than point source predicted 
dose rates at 1 cm stand-off distance due, in a large part, to electron production in the 
encapsulation. Improved contact dose estimates for gamma sources that are metal 
encapsulated has been identified as a definite benefit for the nuclear industry and we are 
working on addressing this issue. Our goal is to obtain more accurate contact dosimetry 
estimates for sealed sources, that better match observed physical symptoms and to this end the 
surface electron and gamma components of the contact dose rate, for a sealed 137CsCl source 
will each be measured experimentally. A large magnet will be used to bend the surface 
electrons away from the gamma dose measurement.  Simulations using Monte Carlo radiation 
transport code PHITS are also used to aid in experimental design and to compare with 

experimental results. 

One MASc student is defending his thesis soon that involved the 
preliminary modeling of the encapsulated source arrangement. One 
MASc student is currently working on designing and fabricating a 
bending magnetic apparatus (see left) to conduct experiments in 
support of the numerical simulations.  

 
 

 
Deterministic field modeling is often useful when rapid near real-time estimates of radiation 
fields are required that are not readily obtained using Monte Carlo techniques. A robot, 
equipped with radiation detectors and simultaneous location and mapping equipment that is 
capable of fully mapping a room in space, correlating and identifying the location of hot spots is 
currently being developed.  This research is directed at supporting industry by working towards 
dose reduction and automation of ALARA.  
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Visualization and Mapping for Operational and Emergency Situations (Associate Chair) 

In the radiation field, visualization options available for engineers, scientists and health 
physicists have traditionally been based in the 2d realm, with techniques such as the generation 
of isodose curves.  From the perspective of a health physicist the creation of 3d visuals to 
illustrate radiation levels within an environment is an invaluable tool both for training and As Low 
As Reasonably Achievable (ALARA) radiation dose planning.  Three active research projects 
being investigated by graduate students are (i) radiation dose visualization, (ii) robotic assisted 
dose mapping, and (iii) nuclear facility security simulation. 
 
Project (i) Radiation dose visualization is important especially if a continuous map of radiation 
field can be developed. In this way, a worker can navigate around radiation “hot spots” and 
therefore reduce their personal radiation dose. This research involves a novel technique for the 
creation of 3d visualizations of radiation fields.  The methodology is developed and shown (for 
example, point source on a desk) to be effective within the Google SketchUp Computer Aided 
Design (CAD) software package.  The methodology takes an input file of information stored in 
coordinate form with a representative value at each point. It constructs elemental shapes 
automatically within Google SketchUp at those coordinates.  All shapes are associated with an 
intensity value related to a pre-defined scale.  The shapes are colorized and enhanced with 
transparency effects to complete a radiation field visualization scene.  The initial stage of this 
work was completed by an MASc student and is being expanded with augmented reality and 
continued vis-a-vis by a PhD student.   
 
Project (ii) RadBot is a robotic tool to help minimize total overall and acute radiation exposure in 
a variety of industrial applications (nuclear power generation, mining, conversion) and 
emergency response scenarios where contact with ionizing radiation is likely. Radiation maps 
show how a radiation field varies in an area, usually by overlaying intensity isobars on a 
physical map. They can play an invaluable role in minimizing total overall exposure to ionizing 
radiation by identifying those portions of a region which are potentially harmful to humans and 
sensitive equipment in a format that is easily understood by a wide audience. A number of 
techniques for generating these fields are outlined in the literature. If it is known ahead of time 
that an area will be mapped, then a network of static sensors distributed ahead of time 
throughout the range can be used to collect the necessary readings required by the map. 
However in many real-life situations where radiation maps could be quite helpful, there is often 
little or no notice ahead of time identifying the area where a map could be useful. For these 
cases, an alternative approach is required, where radiation sensors must be dynamically 
positioned throughout the area.  When the radiation field intensity is stable and low-enough, this 
survey can be conducted by human operators using hand-held sensors. However, when the 
nature of the field is uncertain enough or levels are too high to risk human exposure, one 
versatile alternative is to use radiation sensors attached to mobile robots to acquire the 
necessary data. The most significant obstacles to both of these techniques are presented when 
either obstacles exist in the environment that make it impossible to position a radiation sensor 
throughout the entire area being mapped, or if no physical map is available ahead of time.  In 
these situations, generating reasonably accurate useable radiation maps of the complete area 
will require using both predicted radiation intensity values for the inaccessible regions from an 
appropriately selected radiation model (calibrated with sensor readings from the accessible 
areas) and integrating this with a map-making capability to provide the geometrical layout map.  
The goal of this research is to develop a versatile system for generating radiation maps on-
demand for areas in which completing a full sensor survey is impossible, or for which there is 
limited information available about the geometrical layout. RadBot is in a proof-of-principle 
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development stage currently.  One PhD student involved in the robotics is preparing to defend 
his thesis and one MASc is currently working on advancing the project. 
 

    
 
Project (iii) Safety and security go hand-in-hand at nuclear facilities.  There are a number of 
ways to assess the effectiveness and vulnerabilities of physical protection systems at nuclear 
facilities. Approaches include expert opinion, simulation, force-on-force exercises and real 
engagements. Real engagements with adversaries give actual data, but are rare events and 
therefore of low statistical significance. Force-on-force exercises can yield high quality data 
about security system effectiveness, but are expensive to conduct and involve human factor 
problems. Expert opinion is highly subjective in nature and is not capable of assessing actual 
performance. Simulation, however, has the advantages of being able to provide relatively low-
cost statistically significant data regarding physical protection system effectiveness, estimation 
of adversary sequencing and response 
force neutralization of adversary.  We are 
using synthetic environment simulation 
software (STAGE14) to simulate security 
at nuclear facilities (see right). For 
simulating nuclear security scenarios a 
number of sensors and force actions are 
required to become available to fully 
develop the scenarios. The research 
challenges are to (i) convert real physical 
sensor responses into synthetic 
environment responses consistent with 
the STAGE14 software, (ii) determine 
appropriate force actions that would be 
consistent with physical barriers at 
nuclear facilities, and for actions based 
upon specific sensors, such as radiation detectors, and (iii) develop scenarios that exercise the 
new capabilities for nuclear security simulations. Addressing the challenges requires a 
knowledge of physical protection systems, radiation detectors, emergency response to radiation 
emergencies, and end-use of force-on-force (neutralization probability) data.  
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Research Facilities and Equipment 
 
UOIT has dedicated laboratories for detector development, aerosol research and environmental 
radiation measurements. The aerosol research lab is designed for powder and liquid aerosol 
characterization and is fully equipped with research instruments such as particle sizers; portable 
aerosol spectrometers; cascade impactors; flow/volume simulator (breathing machine) and ball 
mills. 
 

The mixed field irradiation facility at UOIT was upgraded 
in November 2014 with the addition of a Hopewell 
Designs X-80 X-ray generator and filter set for producing 
the ISO Narrow Band series of X-ray beam qualities from 
20 kV to 150 kV. These X-ray beams will be used for 
instrument characterization as well as biophysical studies 
on the properties of low energy electrons and beta 
particles. 
   
 
 

 
 
Current HPQ 
 
HPQs currently under training 22 
Senior Chair – 1PDF; 3 PhD; 2 MASc. 
Associate Chair – 4 PhD; 10 MASc; 2 M.Eng 
 
 
HQP that Graduated 
 
One PhD and two Masters students graduated from the industrial research chair program during 
2014. One graduate is already working in the radiation safety private sector, one will be joining 
CNL as a post-doctoral fellow and one is seeking employment in the nuclear industry. 
 
 
Publications 
 
Intercomparison of Monte Carlo radiation transport codes to model TEPC response in low-
energy neutron and gamma-ray fields, F. Ali, A. J.Waker and E. J.Waller Rad. Prot. Dos.,161(1-
4):257-260. 2014 
 
Transit time of electrons and gas gain effects in P10 and Ar + CO2, G. Orchard and A.J. Waker 
Nucl. Instr. Method. A, 764, 236-240, 2014 
 
Measurements of neutron energy spectra from 7li( p,n)7be reaction with Bonner sphere 
spectrometer, Nested neutron spectrometer and Rospec, J. Atanackovic, W. Matysiak, 
S.Witharana, J. Dubeau and A. J.Waker 
Rad. Prot. Dos., 161(1-4): 221-224, 2014 
 
Measurement of neutron energy spectra and neutron dose rates from 7Li(p,n)7Be reaction 
induced on thin targets., J. Atanackovic, W. Matysiak, J. Dubeau,  S.Witharana, and A. J.Waker 
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Nucl. Inst. Method. A, 774, 6-16, 2015. 
 
Investigation of Internal Radionuclide Contamination from the Analysis of Nasal Swabs and 
Facial Swipes, Ko, R., Shew, C., Perera, S., Said, B., Mattson, K., Nielsen, K., Kelly, D., Waller, 
E. and Li, C., J. Radio. Anal. Nuc. Chem., J. Radioanal. Nuc. Chem., 301(1): 147-152. 2014. 
 
Design of a Hybrid Computational Fluid Dynamics – Monte Carlo Radiation Transport 
Methodology for Radioactive Particulate Resuspension Studies, Ali, F. and Waller, E., Health 
Phys., 107(4): 311-317, 2014. 
 
Sensitivity and Uncertainty in the Measurement of H*(10) in Neutron Fields Using a Rem500 
and a Multi-Element TEPC,  Anthony Waker and Graeme Taylor, Rad. Prot. Dos., 161(1-4), 
205-209, 2014. 
 
“Radiation Protection and Environmental Safety”, Waller, E., 165 pages, in The Essential 
CANDU, edited by W. Garland, CANDU Owners Group/UNENE, Toronto, ON, Released Sept 
2014. 
 
“Role of the Health Physicist in Nuclear Security”, Waller, E. and van Maanen, J., Health Phys. 
Accepted. 2014. 
 
“Operational Testing of a Radiation Triage Mask for Rapidly Assessing Personnel Exposed to 
Airborne Radioactivity”, Waller, E., Health Phys, Accepted. 2014. 
 
“Modeling the Response of the Fastscan Whole Body Counter and Comparing the Response 
with the Experimental Results”, Graham, H., Waller, E., Stasic, D. and El-Jaby, S., CANDU 
Owners Group Technical Note TN-13-3015. 2014.  
 
“Radiation Survey of an Automobile Manufactured in Japan post-Fukushima-Daiichi Event – 
Technical Note”, Waller, E. and Akhtar, A., UOIT-ARRL-01-14, 2014.  
“A Theoretical Investigation of a Novel Approach for the Detection of Trace Actinides in Urine 
Samples for the Purpose of Rapid Triage using (α,n) Reactions”, Chornoboy, N. and Waller, E., 
UOIT-ARRL-02-14. 2014. 
 

Conference Presentations: 

Dr. Waller attended the 47th Midyear Topical Meeting of the Health Physics Society and 
delivered the following Professional Enrichment Program (PEP) courses to HPS delegates 
“Introduction to Nuclear Security I”, 2 hr PEP worth 4 Continuing Education Credits (CEC) by 
the ABHP for CHP continuing education, Baton Rouge, LA, 9 February 2014. 
 “Introduction to Nuclear Security II”, 2 hr PEP worth 4 Continuing Education Credits  
(CEC) by the ABHP for CHP continuing education, Baton Rouge, LA, 9 February 2014.   
 “Nuclear Reactor Radiation Shielding”, 1 hr CEL worth 2 Continuing Education Credits (CEC) 
by the ABHP for CHP continuing education, Baton Rouge, LA, 11 February 2014.   
 
Dr. Orchard (PDF) attended the 2014 Symposium on Radiation Measurements and Applications 
(SORMA), Ann Arbor, MI - June 9 – 12 and presented the paper: 
“Transit time of electrons and gas gain in P-10 and Ar-CO2 using an electron attachment 
spectrometer” 
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Dr. Waller attended the 59th Annual Meeting of the Health Physics Society and delivered the 
following Professional Development Course (PDC) to HPS delegates: 
American Academy of Health Physics Professional Development Course (PDC) entitled 
“Nuclear Security for the Health Physicist”, 8 hrs course 16 Continuing Education Credits (CEC) 
by the ABHP for CHP continuing education, Baltimore, Maryland, 12 July 2014.   
 
And is author/co-author of the following conference papers: 

“Investigating the Variation of Resuspension Factor for Multiple Wind Profiles”, Akhtar, A., 
Perera, S. and Waller, E., 19th Annual Pacific Basic Nuclear Conference and 38th Annual 
CNS/CAN Student Conference, Vancouver, BC, 24-28 August 2014.   
 
“Role of the Health Physicist in Nuclear Security”, Waller, E. Health Physics Society 59th Annual 
Meeting, Baltimore, MD, 12-17 July 2014. 
 
“A Comparison of Environmental Modelling Approaches on the Case-study of the Chalk River 
Laboratories Site”, Tzivaki, M., Graham, H. and Waller, E. Health Physics Society 59th Annual 
Meeting, Baltimore, MD, 12-17 July 2014. 
 
“Design of an Inspection Robot Crawler for CANDU Fuel Channels”, Manning, M., Shukla, S., 
Nokleby, S. Waller, E.  CSME International Congress 2014. Toronto, ON. 1-4 June 2014. 
 
“Experimental Modeling of a Vertical Loop Geothermal System for Undergraduate Teaching 
Applications”, Allcock, J., Waller, E., Agelin-Chaab, M., Perera, S.  CSME International 
Congress 2014. Toronto, ON. 1-4 June 2014.   
 
Dr. Waker presented the following paper at the IEEE Nuclear Science Symposium, Seattle, WA, 
November 10 -14, 2014 “Mixed-field neutron-gamma dosimetry using low pressure proportional 
counters” Saad Al-Bayati, Gloria Orchard and Anthony J. Waker. 
  
“RADIATION PROTECT: A Randomized Trial To Assess The Effectiveness Of A Novel Pelvic 
Lead Shield And A Novel, Non-Lead Surgical Cap To Reduce Operator Radiation Exposure 
During Coronary Angiography Or Intervention”, Jolly, S., Alazzoni, A., Waller, E. et al., Canadian 
Cardiovascular Congress (CCC2014), Vancouver, BC, 25-28 October 2014. 
 
“Determination of Activation Products and Resulting Decommissioning Implications for the 
Varian TrueBeam Linear Accelerator”, Waller, E., Ram, R. and Steadman, I., 18th Topical 
Meeting of the Radiation Protection and Shielding Division of the ANS. Knoxville, TN, 14-18 
September 2014. 
   
“RADIATION PROTECT: A Randomized Trial To Assess The Effectiveness Of A Novel Pelvic 
Lead Shield And A Novel, Non-Lead Surgical Cap To Reduce Operator Radiation Exposure 
During Coronary Angiography Or Intervention”, Jolly, S., Alazzoni, A., Waller, E. et al., 
Transcatheter Cardiovascular Therapeutics (TCT2014), Washington, DC, 13-17 September 
2014.   
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Cases with Realized Outcomes to Industry 
 
Overview: 

The UNENE Chair holders at UOIT continue to interact with their nuclear energy partners on a 
number of levels regularly through the year.  At the program level the senior Chair is a member 
of the Candu Owners Group (COG) Technical Committee for Health, Safety and the 
Environment and as such participates in the discussion and decision-making concerning the 
COG R&D program.  Associated with guidance of the COG research and development program 
is the Health Physics Working Group for which the senior Chair is also a participating member.  
Examples of industry-partner activity at the technical and research level are collaboration with 
AECL scientists on neutron spectrometry and dosimetry; collaboration with AECL and OPG 
scientists on whole-body counter modelling using Monte-Carlo methods and a review of alpha 
particle internal dosimetry dose-assessments with Bruce Power. 
 
The expertise of the associate Chair, Dr. Waller, has been valued and used by the UNENE 
industrial partners to provide expert participation in a broad range of workshops and 
conferences on key emerging issues in radiation protection.  Examples of these activities are 
given below: 
 
UNSCEAR 61st Session Canadian Delegation Lead on documents R703 Radiation Exposure 
from Electricity Generation, R702 Methodology for Estimating Human Exposures Due to 
Radioactive Discharges, United Nations, Vienna, Austria, 20-25 May 2012. 
 
Chair of Expert Group on Discharge Methodology (EGDM) for UNSCEAR 
 
59th Annual Meeting of the Health Physics Society 
American Academy of Health Physics Professional Development Course (PDC) entitled 
“Nuclear Security for the Health Physicist”, 8 hrs course 16 Continuing Education Credits (CEC) 
by the ABHP for CHP continuing education, Baltimore, Maryland, 12 July 2014.   
 
47th Midyear Topical Meeting of the Health Physics Society 
Professional Enrichment Program (PEP) course entitled “Introduction to Nuclear Security I”, 2 hr 
PEP worth 4 Continuing Education Credits (CEC) by the ABHP for CHP continuing education, 
Baton Rouge, LA, 9 February 2014.   
 
47th Midyear Topical Meeting of the Health Physics Society 
Professional Enrichment Program (PEP) course entitled “Introduction to Nuclear Security II”, 2 
hr PEP worth 4 Continuing Education Credits (CEC) by the ABHP for CHP continuing 
education, Baton Rouge, LA, 9 February 2014.   
 
47th Midyear Topical Meeting of the Health Physics Society 
Continuing Education Lecture (CEL) entitled “Nuclear Reactor Radiation Shielding”, 1 hr CEL 
worth 2 Continuing Education Credits (CEC) by the ABHP for CHP continuing education, Baton 
Rouge, LA, 11 February 2014.   
 
International Nuclear Security Education Network (INSEN), Canadian Representative to 
Midyear Meeting for Working Group 1, Vienna, Austria, 25-27 February 2014.  
 
INSEN Annual Meeting Canadian member – International Nuclear Security Education Network, 
Vienna, Austria. 13-15 August 2014 
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Member of Health Physics Society Continuing Education Committee, 2014. 
Technical Program Committee, American Nuclear Society 18th Topical Meeting of the Radiation 
Protection and Shielding Division, Knoxville, TN, 14-18 September 2014 
 
National Institute of Allergy and Infectious Disease (NIAID) grant application reviewer, RFA-AI-
14-055 “Centers for Medical Countermeasures against Radiation Consortium (CMCRC)”, Fall 
2014.   
 
MITACS Accelerate research proposal reviewer, Fall 2014 
 
Manuscript reviewer for the ASME Journal of Nuclear Engineering and Radiation Science, Fall 
2014 
 
Manuscript reviewer for the journal of Radiation Physics and Chemistry, Fall 2014.   
 
Reviewer for the American Nuclear Society 18th Topical Meeting of the Radiation Protection and 
Shielding Division (8 extended summaries), June 2014 
 
 
The Chair holders are also engaged in a number of nuclear community and educational 
initiatives such as: 
 

• Meetings with OPG Health Physics Department, Whitby on Health Physics and the 
Environment 

• Durham Nuclear Health Committee membership (& host location) 

• Undergraduate Internship Programs (CNSC, Bruce, OPG) 

• Nuclear Energy Institute Health Physics expert – answering questions to members of the 
public about various aspects of radiation risk and nuclear energy 

• Dr. Waker is an associated partner in a European Union multi-university-industry 
consortium headed by CERN for a European ‘Marie Curie Initial Training Network’ for 
advanced radiation dosimetry (ARDENT http://ardent.web.cern.ch/ardent/ardent.php). 
This training program will initiate significant expansion into a global research 
collaboration aimed at developing advanced methods of dosimetry for radiation therapy 
and radiation biology and the training of HQPs (early stage researchers) specializing in 
detector development and radiation measurement.  In 2014 UOIT hosted two HQP from 
the ARDENT project for research and business and administration secondments.  The 
research secondments were carried out in the detector development laboratory of the 
Senior Chair. 

• Dr. Waker supervised a graduate student from Fukui University of Technology, Japan for 
an exchange visit August-December, 2014.  The visiting student participated in 
investigating neutron fields at UOIT using a nested neutron spectrometer. 
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University of Guelph – Peter Tremaine CRD 
 
CRD Title: D20 Isotope Effects on Hydrolysis and Ionization Equilibria 
in High Temperature Water 
 
 
Overview 
 
Since Dr. Tremaine’s appointment in 2001, the University of 
Guelph has sought to create a state-of-the-art research center for 
the development of high-precision instruments and theoretical 
tools to determine the thermochemical properties of aqueous 
systems under nuclear reactor operating conditions.  Areas of 
particular  importance to the industry are (i) the development of the 
Generation IV Supercritical Water CANDU reactor concept and 
hydrogen co-generation technology; (ii) lifetime extension of the 
current CANDU 6 and Advanced CANDU reactors; and (iii) the 
need for basic research to model reactor coolant and boiler 
chemistry under extreme conditions. 
 
The grant to Guelph in 2006 was the first CRD grant awarded to a university by UNENE.  The 
grant, and UNENE’s network of contacts, have proved to be a key element in establishing the 
university’s expertise in this field.  In addition to the targeted research projects funded by 
UNENE and other government/industry partnerships, the university has made significant 
progress towards its long-term goal of creating a state-of-the-art research center for high-
temperature water chemistry in Ontario, with quantitative measurement capabilities for dealing 
with reactor chemistry problems at temperatures and pressures in excess of 450 oC and 30 
MPa.  The $36,000/yr grant from UNENE has been leveraged with NSERC partnership program 
grants to provide operating funds of approximately $350,000/yr for nuclear-related R&D.  During 
the past year, these funds have supported 1 undergraduate, 3 graduate students, 3 postdoctoral 
fellows, and 2 research associates. 
 
 
Program Results / Highlights 
 
Current Projects:  

In addition to Dr. Tremaine’s current UNENE CRD grant, the nuclear-related research at Guelph 
has been supported by four other grants. 

i. ("D2O Isotope Effects on Hydrolysis and Ionization Equilibria in High-Temperature 
Water", NSERC/UNENE CRD Grant: (2005-2009; 2009-2012; renewed 2013) 
($91,200/yr x 3). 

ii. “Aqueous Chemistry of Metals under Supercritical Water Reactor Coolant Conditions”, 
NSERC/NRCan/AECL Collaborative Research Grant: (2012-2016) ($80,000/yr x 4) . 

iii. “Aqueous Chemistry of Fission Products and Actinides under Supercritical Water 
Reactor Coolant Conditions”, NSERC/NRCan/AECL Collaborative Research Grant: 
(2012-2016) ($50,000/yr x 4) . 

iv. “Aqueous Electrolytes and Non-Electrolytes Under Hydrothermal Conditions” NSERC 
Discovery Grant: (2005-2011; renewed 2011-2016) ($45,000/yr x 5). 
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v. “Aqueous Speciation and Liquid-Liquid Phase Separation of Boric Acid at Temperatures 
up to 350 °C” Electric Power Research Institute (EP RI) Contract: (2012-2015) 
(~$150,000/yr x 3).   

 
 
Research Results:  

CANDU nuclear reactors are a uniquely Canadian technology in that their design is based on 
the use of heavy water in a closed loop to transfer heat from the reactor core to the steam 
generator. Optimizing primary coolant chemistry requires detailled models for the chemical 
behaviour of metal oxides, dissolved gases and pH-control additives at temperatures as high as 
300 oC, using data determined in light water systems. The methods now used to correct these 
models for the differences between light-water and heavy-water systems are based entirely on 
room temperature studies. Tremaine’s UNENE CRD grant is for a definitive laboratory study to 
provide fundamental data and understanding for the difference in ionization constants between 
H2O and D2O, for simple acids and bases at the extreme temperatures and pressures 
encountered in nuclear reactors (250 to 300 C and 10 MPa). The first phase developed high 
precision AC conductance, densimetry, and UV-visible methods to measure the deuterium 
isotope effect on acid-base ionization.  These state-of-the-art instruments, constructed of inert 
materials to withstand the corrosive conditions that exist in high temperature water, are used to 
measure differences in the chemical equilibrium constants in H2O and D2O under identical 
conditions.  The second and third phases are using these instruments, and a new custom-made 
Raman spectrometry system, to calibrate a number of D2O buffer systems and pD indicators for 
laboratory use at temperatures up to 300 C, and to develop an improved, practical model for 
estimating the magnitude of D2O isotope effects on metal hydrolysis and metal oxide solubility 
under CANDU operating conditions. Recent results have included the conductivity 
measurements to quantify the difference in ionization constants and transport properties of 
acids and fission products between light and heavy water at temperatures up to 325 oC.  These 
are among the first such results ever reported under such extreme conditions. Initiatives to 
develop a chemical equilibrium model for heavy-water primary coolant chemistry are underway. 
The project will contribute to research aimed at extending the lifetime of existing reactors by 
providing criteria for optimizing primary circuit pD to reduce feeder tube thinning. It will make a 
long term contribution to Canada's leadership role in heavy water technology by providing a 
fundamental understanding of D2O isotope effects on chemical equilibria under extreme 
conditions of temperature and pressure. 
 
Tremaine’s other research uses state-of-the-art instruments to determine ionization and 
association constants for simple acids, bases, dissolved metals, and organic complexes under 
near-critical and super-critical conditions that will be encountered in the Generation IV CANDU 
Supercritical Water-cooled Reactor (“SCWR”).  The projects include the construction of high-
pressure cells and calibration of the equipment for operation in the supercritical region, 
measurements on several acids, bases and salts relevant to Gen IV steam generator chemistry, 
and the development of equations to predict the behaviour of aqueous species under these 
extreme conditions.  The experimental equipment, models, and new research capabilities will all 
be directly applicable to the current CANDU reactor fleet. 
 
 
Research Facilities 
 
The current suite of high-precision instruments includes several with unique capabilities.  The 
high-temperature platinum vibrating tube densimeter, constructed  in 1997, is one of fewer than 
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six worldwide that provide the precision ( 110-5 g/cm3) needed to  measure standard partial 
molar properties of aqueous electrolytes up to 350 oC.  The UV-visible flow system constructed 
in 1999, has the stability needed for quantitative spectroscopic studies up to 275C, and is 
being upgraded for operation up to 400 oC.   The AC flow conductance instrument, constructed 
at the University of Delaware, is one of only two such instruments in North America, with the 
capability to operate under supercritical conditions. These instruments all make use of inert cells 
fabricated from platinum, zirconium, titanium or Hastelloy C, and high-pressure liquid 
chromatography pumps with precise external pressure-control and sample injection systems. 

Recent CFI and NSERC Strategic Grants, supported by AECL and UNENE, have added a new 
high temperature (50 - 300 oC) solution calorimeter and state-of-the-art Raman spectrometer 
capable of making in situ measurements of aqueous solutions at supercritical conditions.  Cells 
suitable for use under CANDU-PHW and CANDU SCWR reactor coolant conditions have been 
developed.  
 
 
Research Team 
 
In 2013/14, the Hydrothermal Chemistry Group graduated one PhD student and four MSc 
students.  The group now consist of two postdoctoral fellows, three research associates,  three 
PhD students and two MSc students.  Research Associate Dr. Jenny Cox (BSc U.  Toronto, 
PhD, ETH, Zurich) manages the laboratory.  Dr. Hugues Arcis and MSc student Kwame Agbovi 
(MSc, Queens) worked on our UNENE D2O project conductivity measurements.  Dr. Lucas 
Applegarth, Dr. Swaroop Sasidharanpillai and honours chemistry student John Noel carried out 
Raman studies on the UNENE project.  Dr. Olivia Fandino Torres; PhD students Jane 
Ferguson, Chris Alcorn and Daniel Nieto Roca; and MSc student Christine McGregor worked on 
projects related to the supercritical water reactor, PWR boric acid chemistry, or basic research.  
The projects include collaboration with computational chemists, Prof. Cory Pye (St. Mary’s 
University), Scott Hopkins (University of Waterloo) and Prof. Nela Mora-Diaz (Thompson River 
University).   
 
 
Publications 
 
Published Research Papers: 

1. L.M.S.G.A. Applegarth, C. Alcorn, K. Bissonette, J. Nöel, P. Tremaine.  Non-complexing 
Anions for Quantitative Speciation Studies by Raman Spectroscopy in Fused-silica High 
Pressure Optical Cells under Hydrothermal Conditions, Appl. Spectroscopy (Accepted). 

2. S. Quinlan, D. Shvedov, L.N. Trevani and P.R. Tremaine. Thermodynamics of the Sodium-
Iron-Phosphate-Water System under Hydrothermal Conditions. Part I: The Solubility and 
Gibbs Energy of Formation of Sodium Iron (III) Hydroxy-Phosphate, 
Na3Fe(PO4)2(Na4/3H2/3O), from 225 to 325 oC, J. Solution Chem. (Special issue honouring 
Prof. R.H. Wood) (Accepted). 

3. J. Plumridge, H. Arcis and P. R. Tremaine, Limiting Conductivities of Univalent Cations and 
the Chloride Ion in H2O and D2O under Hydrothermal Conditions, J. Solution Chem. (Special 
issue honouring Prof. R.H. Wood). (Accepted).  

4. N. Mora-Diez, Y. Egorova, H. Plommer, P. R. Tremaine, Theoretical Study of Deuterium 
Isotope Effects on Acid-Base Equilibria under Ambient and Hydrothermal Conditions, JCS 
Advances (Accepted).  
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5. H. Arcis, G.H. Zimmerman and P.R. Tremaine, Ion-Pair Formation in Aqueous Strontium 
Chloride and Strontium Hydroxide Solutions under Hydrothermal Conditions by AC 
Conductivity Measurements,  Phys. Chem. Chem. Phys. 16, 17688-17704 (2014). 

6. Y. Coulier and P. R. Tremaine, Standard Partial Molar Heat Capacities and Enthalpies of 
Formation of Aqueous Aluminate under Hydrothermal Conditions from Integral Heat of 
Solution Measurements.  J. Chem. Thermodynamics 78, 79-92 (2014). 

7. L.M.S.G.A. Applegarth, C.R. Corbeil, D.J.W. Mercer, C.C. Pye and P. R. Tremaine, A 
Raman and Ab Initio Investigation of Aqueous Cu(I) Chloride Complexes from 25 to 80 oC. 
J. Phys. Chem. B 118, 204 - 214 (2014).  

 
Published Proceedings from Conferences and Workshops: 

8. S. Dickinson, M. Bachet, R. Eaker, J. Henshaw, C. Marks, P. Tremaine, D. Wells.  Proc. 
Nuclear Plant Chemistry Conference 2014 (NPC2014), (Sapporo, Japan, October 26-31,  

9. C. Pye, Liwei Cheng, and P.R. Tremaine, Metal Speciation under Supercritical Water-
Cooled Reactor Coolant Conditions by Ab Initio Calculations, Spectroscopy and 
Conductivity Measurements, Proc. 19th Pacific Basin Nuclear Conf. (Vancouver, Aug. 24-28, 
2014). 

10. L. Applegarth and P. Tremaine, Boiling Points and Speciation of Aqueous Electrolyte 
Solutions Under “Hideout” Conditions in Supercritical Water-cooled Reactor Coolant by 
Raman Spectroscopy, Proc. 19th Pacific Basin Nuclear Conf. (Vancouver, Aug. 24-28, 
2014). 

 
 
Interactions / Consultations with Industry 
 
Committees and Boards: 

Dr. Tremaine serves on two industrial advisory committees for the nuclear industry:  

� Member, MULTEQ Database Advisory Committee, Electric Power Research Institute (EPRI).  
� Member, Advisory Committee NSERC/AECL Chair in Radiation Chemistry held by Prof. 

Clara Wren, Univ. Western Ont. (2005 to present) 
 
 
Project-related Interactions with Industry 

The UNENE Technical Advisory Committee (TAC) has visited Guelph on an annual basis, from 
2006 to 2013.  The Committee also provides technical advice for the Strategic and CRD grant 
funded projects for this group.  The UNENE Project Advisory Committee did not meet in 2014 
because a proposal to incorporate Dr. Tremaine’s program into an Industrial Research Chair 
with support from UNENE and COG is in progress.  Dr. Tremaine is providing input on 
Canadian nuclear industry R&D needs as a member of the EPRI MULTEQ Database 
Committee, which recently published and updated databases for the solubility of magnetite, 
transition-metal ferrites and chromites. He is also an associate member of the COG Chemistry 
Working Group, and a member of the Canadian National Committee of the International 
Association for the Properties of Water and Steam (Prof. W.  Cook, UNB, Chair).  Dr. Tremaine 
also meets biannually with the EPRI Pressurized Water Reactor Technical Committee (P-TAC) 
to report on a contract-funded research project on fuel deposit chemistry. 
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External Employment of Students, PDFs and Research Associates 
 
Past students, postdoctoral fellows and research associates have been recruited into career  
positions at AECL (Chalk River Laboratories), engineering consulting companies, and university 
teaching positions at UOIT. One of our 2013 MSc graduates has gone on to further energy-
related graduate work (PhD) in France; one is teaching at Laurentian University; one was 
offered employment in a chemical company; and one has moved to the United States.   
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McMaster University – Marilyn Lightstone CRD  
 
CRD Title: Improved Understanding of Intersubchannel Thermal Mixing  
 
 
Overview 
 
Nuclear safety analysis is often performed to determine the consequence 
of a loss of coolant accident or other event on the fuel integrity and to 
determine subsequent fission product release.  Thermalhydraulic 
analyses rely on accurate modeling of the heat transfer and fluid flow 
within the fuel rod bundle geometries. Due to the typically long simulation 
times for accidents and the complex geometries of the rod bundles and 
their appendages, subchannel methods (such as that used in ASSERT-
PV) are often in employed.  With these methods, the governing 
equations for heat transfer and fluid flow are integrated over a 
subchannel and averaged quantities are determined.   As a result of the 
spatial averaging or integration, the fine structures of the flow are not 
resolved.  This approach therefore requires many empirical correlations 
to represent the complex exchange mechanisms across the gap between the subchannels.   
Computational Fluid Dynamics (CFD), when used with an appropriate turbulence model, 
provides fine resolution of the fluid flow and heat transfer within a geometry, however, requires 
much greater computational effort than a sub-channel method.  As such, we have employed 
CFD as a valuable tool for studying the complex flows in rod bundle geometries and for 
developing physics-based correlations of fluid mixing for use in subchannel codes.   
 
 
Program Results / Highlights 
 
The majority of our previous research has been on CFD modelling of subchannel mixing for 
turbulent flow conditions.  Two former graduate students (George Arvanitis, M.A.Sc., and Deep 
Home, Ph.D. , both currently employed in the nuclear industry through AMEC Foster Wheeler) 
studied flows in a rectangular twin-subchannel geometry.  This geometry was chosen because 
of its relative simplicity and the availability of experimental data for validation. 
   
An important conclusion from George Arvanitis and Deep Home's research is that the root 
cause of the flow pulsations is not necessarily a turbulence phenomenon but rather is more 
likely related to the flow instability at the gap edge arising from the inflection point in the mean 
axial velocity profile: the high flow resistance in the gap creates a region of low axial velocity 
adjacent to a higher velocities within the subchannel.  That velocity profile can create an 
instability which allows the shear layer to roll-up and form a vortex train with associated 
spanwise velocities directed across the gap. Indeed, experimental work by Gosset and 
Tavoularis indicated that pulsations can occur under laminar conditions.  As a result of this, we 
have directed our recent attention towards numerical simulation of laminar flows in subchannel 
geometries.  The study of laminar flows allowed for the complexities introduced by turbulence to 
be removed while retaining the key elements of the flow.  This work was the focus of Alan 
Chettle’s Master’s thesis. 
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Alan Chettle worked on modelling laminar flow in a rectangular channel containing an 
eccentrically placed rod with the main axial flow parallel to the rod and the eccentric placement 
of the rod allowing for the synthesis of a gap region (i.e., a region of diminished axial flow) 
directly above the rod.  Flow in this geometry has been experimentally studied by Gosset and 
Tavoularis whose data was used for validation of the CFD results.  Experimental results of this 
laminar flow were based on streaklines, and the simulation results (using Lagrangian methods 
to allow direct comparison) matched the shape and amplitude of their experimental 
counterparts.  Predictions of Strouhal number, which is a measure of the frequency of the 
vortical structures, were also in good agreement with the experimental data. 
   
The work was further studied by Gujin Wang who is currently in the final stages of completing 
his master's research.  Gujin's work has revealed that the vortical structures initially form in both 
the bottom and the top gap and that, in contrast to what was expected, the bottom vortical 
structures are initially much stronger than those at the top with spanwise velocities of 
magnitudes roughly twice those at the top gap.  The results indicate that the structures in the 
two gaps initially form vortex trains independently that progress downstream with different 
convective speeds.  Complex flow is seen when the vortex trains interact and a form of lock-in 
between the vortex trains occurs.  The interaction creates flows which wrap around the rod and 
persist as the overall flow continues to develop.  The research has confirmed that the quasi-
periodic structures that are responsible for the enhanced mixing seen in subchannel geometries 
can occur under laminar conditions.  The simulations also show that, in contrast to what has 
been previously presumed, the flow is not a simple vortex street.  This is a result of the 
interactions of the structures at the two gaps.  As such, rotation around the rod contributes to 
the complexity of the flow in this geometry and thus in nuclear fuel rod bundles.   It is thus 
concluded that this is not a turbulence phenomenon.   A journal paper on this work is currently 
in preparation. 
 
The initial geometry considered by Deep Home and George Arvanitis consisted of a single 
rectangular gap connecting two subchannels.  Alan Chettle and Gujin Wang's geometry added 
complexity through the inclusion of a second gap between two subchannels.  This added a 
degree of freedom not seen in the previous cases since much more complex flows, with partial 
and full flow circulation around the rod, developed.  The next logical step is then to examine the 
flow structures that arise from multiple rods and gaps.  This is the focus of the Master's research 
of Aaron Zaretsky who completed his master's degree in December 2014.  This work seeks to 
first quantify the rate of intersubchannel mixing in a simplified fuel bundle geometry, shown in 
Figure 1, using a thermal trace.  Experimental data obtained by Silin & Juanico was used for 
validation of the CFD predictions. The simulation revealed that a bias existed in the flow through 
the gaps associated with the central triangular subchannel.  As such unequal Stanton numbers 
were predicted for the three gaps:  the top and right gaps had similar Stanton numbers of about 
15 while the left gap was approximately twice that value.  The predicted Stanton number for the 
left gap is in excellent agreement with the experimental value.  The colour contours shown in 
Figure 1 indicated the predicted mean temperature 0.325 m downstream of the heater outlet.  
The flow bias towards the left gap of the central subchannel is clearly indicated by the enhanced 
extent of higher temperatures in the vicinity of the left gap.    Figure 1 also shows a sample of 
the spanwise velocities at the top rod-to-rod gap and the bottom rod-to-wall gap.  Previous work 
has shown that the magnitude and frequency of quasi-periodic spanwise flow is strongly 
influenced by the pitch-to-diameter (P/D) ratio of the rods. In the current investigation, the P/D 
ratio is higher in rod-to-rod gaps than rod-to-wall gaps (1.20 vs. 1.12), thus leading to interesting 
interactions between the flow fields produced by both gaps.  Spanwise flow in the rod-to-wall 
gap was highly periodic with a dominant frequency of 3.42 Hz.  The flow through the central 
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subchannel gaps was much less structured with no dominant frequency and a correspondingly 
broad energy spectra. 

 

 

Figure 1 : Cross-section of the multi-rod geometry (left) with  time-averaged temperature 
contours resulting from the thermal trace.  The flow bias in triangular subchannel is clearly 
illustrated.  Samples of spanwise velocities at the top rod-to-rod gap and the bottom rod-to-wall 
gap are shown in the figure on the right.  The spanwise velocities are approximately 15% and 
18% of bulk axial velocity in the rod-to-rod and rod-to-wall gaps respectively. 

 

Figure 2 : Instantaneous spanwise velocity vectors.  The colour contours represent  axial 
velocity (top left), pressure (top right), and axial velocity gradient (bottom left).  A representation 
of the flow is also shown.  
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Examples of instanteous spanwise velocity vectors are shown in Figure 2 with the colour 
contours representing axial velocity, pressure, and axial velocity gradient.  An illustration of the 
flow pattern is also shown.  The red dot illustrates a point of extraction of the flow from the 
cross-plane due to the axial velocity increasing.  The black dot shows a source of mass into the 
cross plane as a result of the axial velocity decrease.  The flow has a clear counter-clockwise 
rotation around the periphery of the rods through the rod-to-wall gaps.  The flow is highly 
synchronized and correlated with a clear periodic behaviour consistent with the Fourier analysis.  
The flow through the central triangular subchannel is far less structured.  The odd number of 
gaps in that subchannel creates an interruption to the flow thus reducing flow coherence. 

 

To explore the impact of the gap spacing, two additional geometries were simulated. Details of 
the geometry are given in the table above.  Case 1 is the geometry used by Silin and Juanico in 
their experiments which was used for the validation study described.  Cases 2 and 3 explored 
the impact of equal gaps but varied the magnitude of P/D.  The mean axial velocity was kept 
constant for all cases which resulted in a variation in the Reynolds number due to the 
geometrical changes. 
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Figure 3 :  Snapshots of cross-plane flow through the rod-to-wall gaps (top) and rod-to-rod gaps 
(bottom) for Cases 1, 2, and 3.  Axial flow is from left to right.  

The topmost figure in Figure 3 shows the highly periodic nature of the flow through the rod-to-
wall gap for Case 1.  As previously discussed, the flow through those gaps is highly 
synchronized and alternates between a clockwise and counter clockwise rotation.  For Case 1, 
the rod-to-wall geometry is tighter which allows a dominance of the rod-to-wall gap flow over  
the central subchannel gap flows.  When the gaps in the central subchannel increase (Case 2) 
such that the rod-to-wall and rod-to-rod gaps are the same, the rod-to-wall gap flow is less 
structured (see the second contour from the top) than for Case 1.  Reducing the gap spacing, 
while keeping the rod-to-rod gap and the rod-to-wall gap the same size, acts to increase the 
magnitudes of the cross-flows and increase coherence.  The cross-plane flows through the 
central subchannel gaps are shown in the bottom three contours for each case.  It is clear the 
flow is far more irregular and lacks a clear periodicity as was seen in the rod-to-wall gaps in 
Case 1.  This work clearly shows the complexity and interactions of the gap flows within a 
bundle geometry even under laminar conditions. 
 
In order to assess the theory that the underlying cause of the vortical flow structures is due to an 
instability, a postdoctoral fellow (Mobin Khakbazbaboli) was hired to explore the relationship 
between frequency of flow structures to that for canonical flows that can result in vortex-trains 
such as wakes behind cylinders.  The analytical work was compared to predictions from CFD 
simulations of a compound rectangular channel with a single gap.  The research has indicated 
that the analytically determined dominant frequency from the perturbation analysis is in 
approximately 20% agreement with the CFD simulations.  This provides confidence that the 
underlying phenomenon is again due to an instability in the flow. 
 
 
Cases with Realized Outcomes to Industry 
 
The ultimate goal of the research is to develop improved models of thermal fluid mixing for 
subchannel codes such as ASSERT-PV.  Much of the work by Home and Arvanitis has direct 
application to the increased mixing that occurs with the gap vortical flows, and this knowledge 
transfer has occurred through technical meetings with representatives of Bruce Power, OPG 
and AECL/Candu.  Additional knowledge transfer has occurred through the direct employment 
of both Home and Arvantis by AMEC-NSS and Zaresky by Bruce Power.  The lower Re number 
work has a more indirect outcome to industry through a more basic understanding of the 
phenomena, although the stability work has application to Reynolds numbers up to the full-scale 
fuel channels, and is important in determining the development time of this enhanced 
mixing/heat-transfer within the real bundles and fuel channels. 
  
The complex nature of the underlying flow indicates that further studies should be performed to 
assess the impact of subchannel shape, appendages, number of fuel pins and flow rates.  
Directly based on the results from this UNENE/CRD project, additional work is being done by 
our group with Candu Energy on the effect of appendages and fuel pins on the enhancing 
mixing.  
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Research Facilities and Equipment 
 
All numerical simulations are performed on local workstations within the CFD Laboratory at 
McMaster and on Sharcnet computer clusters.  Sharcnet provides infrastructure for high 
performance computing to a consortium of Canadian academic institutions.  
 
  
Current HQP Enrolled in the Programs: 2 M.A.Sc. students, 1 PDF 
 
For the period January 1, 2014 to December 31, 2014 we had two master’s students and one 
postdoctoral fellow working on this project.  These students are listed below: 

• Gujin Wang 
• Aaron Zaretsky 
• Mobin Khakbazbaboli (PDF) 

 
 

HQP Graduated: 2 M.A.Sc. 
 
Three students have completed their graduate studies on this topic.  Their names, degrees, and 
current occupation are listed below: 

• Alan Chettle, M.A.Sc., Currently enrolled as a Ph.D. student at University of Manchester, 
United Kingdom. 

• Aaron Zaretsky, accepted a position with Bruce Power. 
 
 
Publications 
 

• Chettle, A., Wang, G., Lightstone, M.F., and Tullis, S. 'Numerical study of the development 
of a gap vortex street for laminar flow in a rectangular channel containing a rod', in 
preparation. 

• Zaretsky, A., Lightstone, M.F., and Tullis, S. 'Simulation of Intersubchannel mixing in a 
triangular nuclear fuel bundle geometry', in preparation. 

• Home, D. and Lightstone, M.F., ‘Numerical investigation of quasi-periodic flow and vortex 
structure in a twin rectangular subchannel geometry using using detached eddy simulation’, 
Nuclear Engineering and Design, Vol. 270, pp. 1-20, 2014 

• Zaretsky, A., Lightstone, M.F., and Tullis S., 'Improved Understanding of Nuclear 
Subchannel Mixing,  Proceedings of the 22st Annual Conference of the CFD Society of 
Canada (CFD2014), Toronto, June 1-4, 2014. 
 
 

Interactions / Consultations with Industry 
 
The work has been presented to the UNENE community through the student poster session on 
December 15, 2014 and at the UNENE workshop on December 16, 2014.  
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University of Ottawa – Stavros Tavoularis  CRD  

CRD Title: Experimental and Computational Studies of Two-Phase 
Flows in Nuclear Reactor Systems 
 
 
Overview 
 
The objective of this project is to apply, and further develop, available 
experimental and computational fluid dynamics (CFD) methods to the 
study of two-phase flow characteristics in header-feeder systems of 
the type used in CANDU nuclear power plants.  The main 
experimental tasks are: i) to modify an existing air-water flow loop by 
the addition of a versatile header/feeder model, in which different 
combinations of active inlet turrets and active feeders can be selected;  
ii) to assemble a database of measurements of gas and liquid flow 
rates in the feeder tubes of this model, while also documenting the 
turret inlet conditions and the flow patterns inside the header; and iii) 
to assess the effect of flow obstructions inside feeder tubes on the gas and liquid flow rates.  
The main task of the computational analysis is to perform CFD simulations of air-water flows at 
the same inlet flow conditions and in the same geometries as those of the experiments and to 
compare the simulation results to the measurements to verify the applicability of CFD as a tool 
for two-phase flow simulation at conditions and geometries of interest to nuclear safety analysis. 
The proposed experimental and numerical investigations will be conducted using state-of-the-art 
tools and will advance the technical capabilities of nuclear reactor designers and safety 
analysts. They are in direct support of the CNL air-water header facility tests. The following 
sections outline progress achieved during 2014.  
 
 
Research Facility 
 
 A Modular Header Facility was commissioned in Summer 2014 at the University of Ottawa 
Fluid Mechanics Laboratory (Figure 1). The main component of the facility is a 203 mm I.D. 
horizontal cylindrical header made of black-anodized aluminium. The header has two inlet 
turrets, with inner diameters of 32.5 mm and 154 mm, respectively. The larger turret may be 
capped with a clear acrylic cover, thus permitting visual observation of the header interior. Two 
additional observation ports made of clear acrylic were installed at either end of the header. 
Twenty feeder ports with end flanges were arranged in axially equidistant groups of four banks. 
Each bank consists of five feeder ports, which are connected to the header at three angles of 
inclination; two ports are horizontal and across from each other, two ports are inclined at 45° 
below horizontal and one port is vertical, pointing downwards. The header is described as 
modular, as it permits any combination of feeder ports to be connected to active feeders during 
an experiment, while the remaining ports are blocked by solid plugs made of polyvinyl chloride 
(PVC),  up to the inside diameter of the header body. The feeders are tubes made of clear PVC 
with an inside diameter of 32.5 mm. The active feeders are attached to the feeder ports using 
standard flanges. Beside the header and feeders, the facility comprises a stainless steel water 
tank, a centrifugal pump and a 32.5 mm I.D. clear PVC inlet line. This facility complements the 
existing air-water flow loop at the University of Ottawa, which was designed and constructed as 
part of a previous UNENE CRD grant. These two facilities are being used for the collection of 
measurements in air-water flows in numerous experimental configurations that contribute to our 
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understanding and predictive capabilities of gas-liquid flows and are of interest in nuclear safety 
analysis. Past and ongoing experiments have been conducted in different header-feeder 
combinations, as well as in horizontal, vertical upward and vertical downward air-water pipe 
flows in all two-phase flow regimes of interest. 
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Figure 1.  Three-dimensional view of the modular header (top) and schematic diagram of 
modular header facility (bottom). All dimensions are in mm. 
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CFD Laboratory: The principal investigator’s CFD laboratory currently comprises four multi-
processor servers and two workstation clusters having a total of approximately 300 threads for 
parallel processing with 600 GB RAM and 6 high-end multiprocessor personal computers for 
data pre- and post-processing. The applicant maintains licenses of several commercial CFD 
packages with multi-phase simulation capabilities. In addition, the team makes use of the large-
scale, shared computing facilities of HPCVL (High Performance Computing Virtual Laboratory) 
and RQCHP (Réseau québécois de calcul de haute performance). 
 
Experimental results: The study of two-phase flow in header-
feeder systems requires the simultaneous collection of 
measurements in a large number of feeder pipes. In the past 
year, we have used the uOttawa air-water flow loop to 
develop novel experimental techniques for the identification 
of the flow pattern and measurement of the flow rates of both 
phases in gas-liquid pipe flows. These methods were 
automated, non-intrusive and economical, so that their use 
would be feasible in industrial as well as laboratory settings. 
To meet these conditions, we followed an inter-disciplinary 
approach that combined the use of classical single-phase 
flow instrumentation, signal analysis and machine learning. In 
a paper published in the International Journal of Multiphase 
Flow, we demonstrated that the probability density function of 
the normalized differential pressure measured using a 
differential pressure transducer is indicative of the flow 
pattern in vertical upward air-water pipe flow. Using non-
linear dimensionality reduction (the Elastic Maps Algorithm), 
it was possible to automate the process of identifying the flow 
pattern from the differential pressure signal (Figure 2). In 
another International Journal of Multiphase Flow paper, we 
established the relationship between the probability density 
function and the power spectral density of normalized 
differential pressure with the gas and liquid flow rates in air-
water pipe flow and proposed a machine learning algorithm 
for the estimation of the phase flow rates from these 
properties. Innovative measurement methods were also 
applied with more specialized instrumentation, namely the 
wire-mesh sensor, a commercially available instrument 
designed for tomographic imaging of two-phase flows. We 
developed methods that allowed flow pattern identification 
and flow rate measurement from the signals of this device; 
methods that could potentially be applied in the CNL header 
test facility.  The successful application of machine learning 
algorithms (Independent Component Analysis and Artificial 
Neural Networks) with wire-mesh sensors was presented in a 
manuscript that was published in Measurement Science and 
Technology.  
 
The most important advantage of the experimental methods 
using machine learning that were presented in the previously 
cited articles is their scalability, which means that they can be 
deployed effectively and at a relatively low cost in 

Figure 2.  Elastic map procedure 
for flow pattern identification. 
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complicated industrial or laboratory installations. We further developed and used similar 
techniques to measure the two-phase flow distribution in the downward feeders of the University 
of Ottawa modular header facility. The purpose of this study was to investigate the flow 
distribution among the feeders of a header-feeder system; an uneven distribution of liquid flow 
during postulated accident scenarios may introduce safety concerns. The utilization of an inter-
disciplinary measurement approach, involving machine learning algorithms applied to turbine 
meter and pressure transducer signals, allowed a large number of measurements to be 
effectively collected in a short amount of time. Analysis of these results elucidated some of the 
factors that affect the flow distribution in header-feeder systems. The flow patterns in the header 
and near the feeder inlets were observed visually and were found to depend on the overall gas 
and liquid flow rates as well as the number and locations of active feeders. The two-phase flow 
distributions in the feeders were also found to be correlated with the flow patterns in the header 
(Figure 3). In particular, when an active feeder was located across the inlet turret, it carried most 
of the liquid and gas, especially at low overall gas flow rates. At relatively large gas and liquid 
flow rates, the feeder that was farthest away from the turret and near the header wall carried a 
larger amount of liquid than intermediate feeders, whose inlets were exposed to strong cross-
flows over them. This work is the subject of a manuscript which has been recently submitted to 
Nuclear Engineering and Design. Future experiments planned in the Modular Header facility will 
be aimed at studying the effect of different feeder orientations on the two-phase flow 
distribution, as well as assessing the effect of flow obstructions inside the feeder tubes on the 
gas and liquid flow distribution. 

 
Figure 3. Left: Cross-section view of a header showing the instantaneous flow pattern obtained 
from a numerical simulation using the Volume of Fluid method. Right: Flow mechanisms into 
feeders from the modular header: (a) vortex-induced flow and (b) vortex-free flow. 
 
Computational work: Following an extensive literature review of experimental and computational 
studies of gas-liquid flows in pipes, we have evaluated the performance of available CFD codes 
and models.  After testing two commercial codes, CFX 12.1 and FLUENT 12.1, and the open 
source code OpenFOAM 2.1, it was decided to use OpenFOAM, which is scalable and suitable 
for parallel processing, permits convenient modifications of its existing models and incorporation 
of new ones, and can be run, without licensing fees, on our multi-processor computer servers 
and clusters, as well as on the two Canadian computer networks that we are using currently. An 
emerging need in industry is the development of best practice guidelines for two-phase flow 
simulations, similar to those that already exist for single phase flow simulations. To identify the 
most suitable interfacial force parameters, simulations with different combinations of interfacial 
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forces were performed to find the one most suited to horizontal gas-liquid flows. Unfortunately, it 
was found that while a set of models and coefficients could work well for one flow case, it could 
not be generalized to other flows at different flow rates. Hence, in the near future, a new Ph.D. 
student will attempt to develop interfacial force models that are insensitive to flow rate or 
alternatively, to modify existing models such that the effect of flow rate is taken into account in 
their variable coefficients. Other ongoing numerical work includes simulations of the two-phase 
flow in one of the configurations in the Modular Header Facility, for which experimental data 
have been collected. Additionally, numerical simulations are being carried out to study more 
fundamental two-phase flows, particularly, the flow of Taylor bubbles in stagnant liquid columns. 
The objective of this study is to shed light on the turbulence and heat transfer characteristics of 
two-phase slug flow. 
 
 
Current HQP 
 
The following persons have been engaged in this project. 

• Hassan Shaban, Ph.D. student (full-time): Experiments and numerical simulations of 
two-phase flows in pipes and in header-feeder systems, application of machine learning 
methods in the study of two-phase flows.  

• Harun Oria, Ph.D. student (full-time, starts January 2015): Experiments and numerical 
simulations of two-phase flows. 

• Dr. Dongil Chang, Research Associate (part-time): Numerical simulations of two-phase 
flows. 

• Etienne Lessard, M.A.Sc. student (completed 2013): Measurement of two-phase flow in 
horizontal pipes with wire-mesh sensors. Current employer: Canadian Nuclear 
Laboratories (CNL). 

• Dr. Yuan Liu, Research Assistant (completed 2011): Evaluation of CFD methods for two-
phase flows. Current employer: Life Prediction Technologies Inc. (LPTi); CFD 
simulations of gas turbine engines. 
 

 
Interactions / Consultations with Industry 
 
The University of Ottawa team is in close contact with CNL staff, particularly Mr. Jun Yang, 
Thermalhydraulics Development Branch, having frequent discussions concerning research 
plans and priorities. In the past year, CNL has provided us with six wire mesh sensors and 
associated hardware and software. 
  
Anticipated Benefits to Industry 

The proposed research program aims at producing original measurements and numerical 
simulations that will enhance the information and tools available to CNL engineers for analyzing 
the operation and safety of CANDU header systems. In the short term, the results of the project 
will be used to support the two-phase flow measurements in the header test facility at CNL with 
wire-mesh sensors. In the longer term, the results will be used to assist CNL staff in performing 
CFD simulations of the header system and in developing constitutive relations for the two-fluid 
model to be included in CATHENA 4, the  next generation system thermalhydraulics code being 
developed by CNL. This grant will enable uOttawa to educate several students in nuclear 
reactor thermalhydraulics, thus providing the nuclear industry with a pool of prospective highly 
skilled research engineers to replace the currently retiring generation of such personnel, which 
were mostly hired approximately three decades ago. As most universities in Canada, USA and 
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elsewhere eliminated or drastically reduced their educational and research programs in Nuclear 
Engineering, graduates with this type of expertise are needed urgently. The students to receive 
doctorates through this program will also be eligible to pursue academic careers, thus 
strengthening the few existing Canadian academic programs in Nuclear Engineering and 
helping establish new ones. 
 
 
Publications 
 
1. Shaban, H. and Tavoularis, S., 2014. “Identification of flow regime in vertical upward air-

water pipe flow using differential pressure signals and elastic maps.” International Journal 
of Multiphase Flow 61, pp. 62-72. 

2. Shaban, H. and Tavoularis, S., 2014. “Measurement of gas and liquid flow rates in two-
phase pipe flows by the application of machine learning techniques to differential pressure 
signals.” International Journal of Multiphase Flow 67, pp. 106-117. 

3. Shaban, H. and Tavoularis, S., 2015. “The wire-mesh sensor as a two-phase flow meter.” 
Measurement Science and Technology 26, 015306 (16 pp). 

4. Shaban, H. and Tavoularis, S., 2015. “Wire-mesh tomography: areas of application, 
performance evaluation and measurement uncertainty.” Measurement Science and 
Technology (submitted). 

5. Shaban, H. and Tavoularis, S., 2015. “Distribution of downward air-water flow in vertical 
tubes connected to a horizontal cylindrical header.” Nuclear Engineering and Design 
(submitted). 

6.  Lessard, E., Shaban, H. and Tavoularis, S., 2014. “Measurements in horizontal air-water 
pipe flows using wire-mesh sensors.”  2014 Canada-China Conference on Advanced 
Reactor Development (CCCARD-2014), Niagara Falls, Canada, 27 - 30 April, 2014. 

7. Shaban, H. and Tavoularis, S., 2014. “Identification of flow regime in air-water pipe flow 
using differential pressure fluctuations and elastic maps.” Thousand Islands Fluid 
Mechanics Meeting, Gananoque, Canada, 30 May - 1 June, 2014. 

8. Lessard, E., 2014. “Measurements in horizontal air-water pipe flows using wire-mesh 
sensors.”  M.A.Sc. Thesis, University of Ottawa, Ottawa, Canada. 

9. Shaban, H., 2015. “Experimental investigations of internal air-water flows.” Ph.D. 
Dissertation (submitted), University of Ottawa, Ottawa, Canada. 

10. Shaban, H, and Tavoularis, S., 2014. “Development of drift-flux models for evaluating two-
phase mass flow rates in a header facility.” Technical Report UO-MCG-DFM-2014-01 (110 
pp.), University of Ottawa, Ottawa, Canada. 
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Royal Military College of Canada  – Emily Corcoran CRD  
 
CRD Title:  Molybdenum based Oxygen Sensors and Analysis for Intact 
and Defective Fuel Studies  
 
 
Overview 
 
Prof. Emily Corcoran, PhD and PEng, was awarded the 
NSERC/UNENE/COG Collaborative Research and Development (CRD) 
Grant on June 1, 2012.  The main objectives of the CRD are to conduct 
research in the following three areas, namely: 
 
1) Alternative Be-replacement Brazing Materials:  The toxic nature of 
the beryllium (Be) brazing material currently used in the CANDU fuel 
bundle manufacturing process may be a significant risk to human health, 
which has been emphasized by the proposal of new regulations that 
promote reduced occupational exposure. A change in brazing material 
presents significant challenges to CANDU fuel manufacturers because 
this is a substantial change to the fuel bundle design. Thermodynamic 
studies of replacement Be-brazing materials will assist the nuclear industry in the identification 
of the best alternative material by further narrowing the field through the use of thermodynamic 
modeling of the short-listed candidate materials (as defined by the nuclear industry). 
 
2) Investigations of Stress Corrosion Cracking of Nuclear Fuel Bundles:  Fuel failures in 
Canadian reactors observed following sustained power ramps in the early 1970's led to the 
development of improved refueling strategies, as well as the development of technology to 
mitigate fuel-sheath Stress-Corrosion Cracking (SCC) with the introduction of an interlayer 
coating on the inner bore of the fuel sheath.  Thermal expansion of fuel pellets during a power 
ramp can generate the required stress/strain to initiate a crack in the protective oxide layer that 
is formed on the fuel sheathing.  Fission products (e.g., iodine) released from the fuel pellets 
corrodes the fuel sheathing.  Currently, a thin layer of CANLUB (graphite material) is applied to 
the inner surface of fuel sheathing to mitigate the SCC phenomena, but how CANLUB mitigates 
SCC is not well understood. Further, there is a concern with the sustainability of the supply of 
CANLUB material.  Other candidate materials may be identifiable and could be substituted if a 
better understanding of how CANLUB mitigates SCC was available.  
 
3) Investigation of Mo-U-O Compounds for the Characterization of Nuclear Fuel:  The 
relationship between oxygen partial pressure (pO2) and UO2±x is significant as it relates to 
thermal performance and operational integrity of nuclear fuel.  The relationship between pO2 
and UO2±x is well understood, measured and modelled. However, the relationship between pO2 
and UO2±x and fission/activation products is not well characterized and is often estimated.  The 
scope of this project is to understand fundamentally the relationship between pO2 and UO2±x 

with mixtures of oxides, with a special focus on molybdenum (Mo).  Emphasis is placed on Mo 
as it can exist as a metal, an oxide or a compound (e.g., UMoO6) depending on the pO2. It is 
believed that a clear understanding of the relationship between pO2, UO2±x and Mo can support 
the development of an oxygen sensor. As Mo is the key pO2 buffering material, an 
understanding of its behaviour is fundamental in any thermodynamic model of nuclear fuel. The 
activities outlined in this proposal will provide a new technique that utilizes the Mo/MoO2 content 
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as a gauge in estimating the fuel oxygen potential in high burn-up and doped fuel found in 
advanced fuel designs, as well as defective fuel.  
 
 
Program Results / Highlights 
 
Alternative Be-replacement Brazing Materials:  
A preliminary review of the thermodynamic data of the prospective brazing materials proposed 
by WP#22231 is an ongoing activity of this research. Current research activities will focus on the 
Ni-Be-Zr system by Capt Sheldon White (PhD, RMCC) Dr. William Thompson (Emeritus 
Professor and Research Associate) and Dr. Emily Corcoran (Principle Investigator and 
Assistant Professor, RMCC).  
 
Mr. Kieran Potter (Master’s, RMC) has designed a Charpy impact test suitable for investigating 
specific to CANDU fuel element geometry and has completed over 200 tests. Mr. Potter and Dr. 
Graham Ferrier (PDF, RMCC) have established a methodology for fusing foils of some of the 
candidate alternative brazing materials to Zircaloy-2 substrates. Fused samples were provided 
to GE-Hitachi in December of 2013.  
 
Investigations of Stress Corrosion Cracking  (SCC) of Nuclear Fuel Bundles: 

Mr. Joseph Metlzer (MASc, RMCC), Mr. Kommy Farahani (Research Assistant, RMCC) and Dr. 
Graham Ferrier continue with their static loaded C-ring experiments to determine if commercial 
polysiloxane coatings are suitable CANLUB replacements1 and to develop alternative SCC 
mitigating strategies utilizing alkali metal-oxygen additives and slightly oxidizing environments. A 
Dynamic Loading Apparatus (DLA) has been designed and prototype built. Future activities will 
include qualification of the DLA at 300°C and repetition of the static C-ring experimentation with 
dynamic loading conditions.  
 
Investigation of Mo-U-O Compounds for the Characterization of Nuclear Fuel:  

Mr. Aaron Barry (MSc student, RMCC) is performing thermogravimetric analysis on MoO2+x and 
UMoO6 systems at RMCC. Data gathered from this experimentation will assist the 
thermodynamic modeling of U-Mo-O model, which will contribute to improvements in the RMCC 
nuclear fuel thermodynamic model.  Mr. Clinton Mayhew (MSc student, AECL-RMCC) is 
continuing his efforts to reduce/oxidize 4-addative SIMFUEL solid samples and to determine the 
stability of molybdenum in the oxide and metallic phase as a function of oxygen partial pressure 
using SEM-WDX.  
 
 
Realized Outcomes to Industry 
 
The goals of the CRD research are to assist the ongoing work of the nuclear industry, namely, 
COG WP22229: Replacement of Be as Brazing Metal for CANDU Fuel, COG WP22230: 
Electron Probe Analysis of Mo in Defected Fuel and COG WP22331: Out-Reactor Instrumented 
Defective Fuel Experiment. 
 
 
 
 

 
1
 Research in ccollaboration with Dr. Paul Chan (RMCC)  
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Research Facilities and Equipment  
 
• A Dynamic Loading Apparatus (DLA) for testing SCC mitigation strategies has been 

designed and a prototype built. 
• A static loading C-ring apparatus and post I-SCC deflection testing apparatus have been 

built at the RMCC (A. Quastel). 
• A Charpy impact test suitable for investigating specific to CANDU fuel element geometry 

has been designed at the RMCC (K. Potter). 
• A safe working procedure to deal with beryllium as it relates to the cutting/machining 

operations involved in specimen preparation has been developed. 
 
 
Research Team / Highly Qualified Personnel 
 
The NSERC/UNENE/COG CRD involved close collaboration between Profs. Emily Corcoran 
(PhD, PEng), Paul Chan (PhD), Brent Lewis (PhD, PEng), and Jennifer Scott (PhD) of the 
RMCC in the areas of CANLUB behaviour for the mitigation of the SCC phenomenon, design of 
an out-reactor instrumented defective fuel test, and Mo-U-O investigations. Collaboration 
continued with Emeritus Prof. William Thompson on the brazing project. Also, several graduate 
theses are being co-supervised by Dr. David Kelly. 
 
Prof. Corcoran is co-supervising a PhD project on delayed neutron monitoring techniques for 
actinide identification in collaboration with the Department of National Defence (DND) and Los 
Alamos National Laboratory (LANL).  
 
13 HQP are being trained or have been trained by this CRD project. Namely: Dylan Pierce (UG, 
Queen’s), Kieran Potter (UG, Queen’s), Evan Veryard (UG, McGill), Justine Deveau, (UG, 
RMCC), Aaron Barry (MSc, RMCC), Clinton Mayhew (MSc, AECL-RMCC), Joseph Metzler 
(MASc, RMCC), Kieran Potter (MASc, RMCC), Aaron Quastel (PhD, AECL-RMCC), Sheldon 
White (PhD, RMCC) Graham Ferrier (PDF, RMCC), Kommy Farahani (RA, RMCC), and Ben 
Pollack (RA, RMCC). 
 
Prof. Corcoran co-supervises an additional eight HQP, whom are working in the area of nuclear 
science and engineering. These HQP include: Aaron Brideau (UG, RMCC), Nathan Langevin-
Boucher (UG, RMCC), Sarah Butko (MASc, ISR-RMCC), Jenny Zhou (MSc, AECL-RMCC), 
Michelle Tayeb (MSc, AECL-RMCC), Andrew Bergeron (MASc, AECL-RMCC), Kyle Copeland 
(PhD, FAA-RMCC), and Madison Andrews (PhD, RMCC).  
 
 
HQP whom have Transitioned to Industry 
 
Mr. Aaron Quastel has been hired full-time by CNL-CRL as he continues to work on his PhD 
thesis. 
Mr. Andrew Bergeron is a CNL-CRL employee and is working on his Master’s thesis. 
Mrs. Jenny Zhou is a CNL-CRL employee and is working on her Master’s thesis. 
Mrs. Michelle Taybe is a CNL-CRL employee and is has completed on her Master’s thesis. 
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Publications 
 
Journal Papers: 

1. M.T. Andrews, J.T. Goorley, E.C. Corcoran, D.G. Kelly, Uranium and Plutonium Fission 
Product Gamma Intensity Measurements and MCNP6 Simulations American Nuclear 
Society Transactions (Submitted May 2014). 

2. M.T. Andrews, J.T. Goorley, E.C. Corcoran, D.G. Kelly, Modeling the Detection of Delayed 
Neutron Signatures in MCNP6 and Comparison with 233U, 235U and 239Pu Measurements, 
Journal of Nuclear Technology, 187 3 (2014). (LA-UR-13-29471). 

3. M.J. Roeterink,  M.T. Andrews, D.G. Kelly, E.G. Dickson. E.C. Corcoran, Analysis and 
Monte Carlo modelling of radio-opaque personal protective fabrics, Journal of 
Radioanalytical and Nuclear Chemistry, 300 3 (2014) 1131-1139. 

4. M. Tayeb, X. Dai, E.C. Corcoran, and D.G. Kelly, Evaluation of Interferences on 
Measurements of 90Sr/90Y by TDCR Čerenkov Counting Technique, Journal of 
Radioanalytical & Nuclear Chemistry, 300 1 (2014) 409-441. 

5. M.T. Andrews, J.T. Goorley, E.C. Corcoran, D.G. Kelly, “Fission Product γ-ray 
Measurements of 235U and MCNP6 Predictions”, American Nuclear Society of Fissile 
Isotopes in Special Nuclear Materials, Journal of Radioanalytical & Nuclear Chemistry, 
291:1 (2012) 281-285.  

 
Posters: 

1. R.A. Barry, J. Scott, and E.C. Corcoran, The Importance of the Mo-O and U-Mo-O 
Thermodynamic Systems to CANDU® Nuclear Fuels, ASM Student Poster Competition, 
Kingston, Ontario, 25 March 2014. 

2. J. Metlzer, G.A. Ferrier, and E.C. Corcoran, A Dynamic Loading Apparatus for 
Investigating Strategies that Mitigate Stress Corrosion Cracking in Nuclear Fuel Elements, 
ASM Student Poster Competition, Kingston, Ontario, 25 March 2014. 

3. K.P. Potter, G.A. Ferrier, and E.C. Corcoran, Experimental Studies of Alternative Brazing 
Materials for CANDU® Fuel Bundle Appendages, ASM Student Poster Competition, 
Kingston, Ontario, 25 March 2014. 

4. Barry, J. Scott, E.C. Corcoran, Investigating the Relationship Between pO2 and Mo-U-O 
Compounds for the Characterization of CANDU® Nuclear Fuel, University Network of 
Excellence in Nuclear Engineering (UNENE) R&D Workshop and Poster Session, Toronto 
Ontario, 11 December 2013.  

5. M.J. Roeterink, E.C. Corcoran, E.F.G. Dickson, and D.G. Kelly, Determining Personal 
Protective Equipment Exposure in Response to Radiation Hazard Scenarios, University 
Network of Excellence in Nuclear Engineering (UNENE) R&D Workshop and Poster 
Session, Toronto Ontario, 11 December 2013.*First Prize Awarded ($1000)  

6. G.A. Ferrier, J. Metzler, P.K. Chan, and E.C. Corcoran, A Dynamic Loading Apparatus for 
Investigating Strategies that Mitigate Stress Corrosion Cracking in Nuclear Fuel Elements, 
University Network of Excellence in Nuclear Engineering (UNENE) R&D Workshop and 
Poster Session, Toronto Ontario, 11 December 2013. 

7. K.N. Potter, G.A. Ferrier, and E.C. Corcoran, Experimental Studies of Alternative Brazing 
Materials for CANDU® Fuel Bundle Appendages, University Network of Excellence in 
Nuclear Engineering (UNENE) R&D Workshop and Poster Session, Toronto Ontario, 11 
December 2013. 
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8. M.J. Roeterink, D.G. Kelly, E.G. Dickson, and E.C. Corcoran, Analysis and Monte Carlo 
Modelling of Radio-opaque Personal Protective Fabrics, The Institute of Textile Science 
111th  Scientific Session, Ottawa Ontario, 9 December 2013. 
 

Conference Proceedings / Presentations and Contributions: 

1. G.A. Ferrier, M. Farahani, J. Metzler, P.K. Chan, and E.C. Corcoran, The suitability of 
polysiloxane coatings for mitigating iodine-induced stress corrosion cracking of Zircaloy-4 
fuel sheathing, NuMat 2014, Clearwater, Florida, USA, 27-30 October 2014. (oral 
presentation) 

2. C. Guéneau, N. Dupin, T.  Besmann, M. Kurata , S. Gossé, P. Turchi, D. Barber, E.C. 
Corcoran, J.-C. Dumas, M. Kaye,R. Hania, B.O. Lee , T. Ogata, R. Kennedy, S. Massara, 
The OECD-NEA Project “Thermodynamics of Advanced Fuels-International Database”, 
NuMat 2014, Clearwater, Florida, USA, 27-30 October 2014. (oral presentation) 

3. M.J. Roeterink, D.G. Kelly, E.F.G Dickson, and E.C. Corcoran, Advances in the simulation 
of personal protective equipment for the mitigation of exposure to radioactive particulates, 
Proceedings of the 19th Pacific Basin Nuclear Conference (PBNC 2014), Vancouver, 
British Columbia, Canada, August 24-28, 2014.*Also presented at the 38th Annual 
CNS/CNA Student Conference. (oral / poster presentation and proceedings) 

4. A.D. Quastel, C. Thiriet1, B.J. Lewis, E.C. Corcoran, fuel cracking in relation to fuel 
oxidation in support of an out-reactor instrumented defected fuel experiment, Proceedings 
of the 19th Pacific Basin Nuclear Conference (PBNC 2014), Vancouver, British Columbia, 
Canada, August 24-28, 2014. (oral presentation and proceedings) 

5. G.A. Ferrier, J. Metzler, M. Farahani, P.K. Chan, and E.C. Corcoran, dynamic thermo-
chemo-mechanical strain of zircaloy-4 slotted rings for evaluating strategies that mitigate 
stress corrosion cracking, Proceedings of the 19th Pacific Basin Nuclear Conference 
(PBNC 2014), Vancouver, British Columbia, Canada, August 24-28, 2014. (oral 
presentation and proceedings) 

6. R.A. Barry, J.L. Scott, I. Korobkov, J. Deveau and E.C. Corcoran, The aqueous synthesis 
of UMoO6 and its significance to nuclear fuel, Proceedings of the 19th Pacific Basin 
Nuclear Conference (PBNC 2014), Vancouver, British Columbia, Canada, August 24-28, 
2014.*Also presented at the 38th Annual CNS/CNA Student Conference. (oral / poster 
presentation and proceedings) 

7. M.T. Andrews, D.G. Kelly and E.C. Corcoran, Delayed particles from special nuclear 
materials and their nuclear forensics applications, Proceedings of the 19th Pacific Basin 
Nuclear Conference (PBNC 2014), Vancouver, British Columbia, Canada, August 24-28, 
2014.*Also presented at the 38th Annual CNS/CNA Student Conference. (oral / poster 
presentation and proceedings) 

8. K.N. Potter, G.A. Ferrier, and E.C. Corcoran, Corrosion Studies of Alternative Filler 
Materials for Manufacturing of CANDU® Brazed Joints, Proceedings of the 38th Annual 
CNS/CNA Student Conference at the 19th Pacific Basin Nuclear Conference (PBNC 
2014), Vancouver, British Columbia, Canada, August 24-28, 2014. (poster presentation 
and proceedings) 

9. J. Metzler, G.A. Ferrier, M. Farahani, P.K. Chan, and E.C. Corcoran, An analysis of static 
loading results on slotted ring samples to allow for further investigation of stress corrosion 
cracking, Proceedings of the 38th Annual CNS/CNA Student Conference at the 19th 
Pacific Basin Nuclear Conference (PBNC 2014), Vancouver, British Columbia, Canada, 
August 24-28, 2014. (poster presentation and proceedings) 
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10. K. Copeland, D.F. Smart, M.A. Shea, E.C. Corcoran, B.J. Lewis, "CAMI Activities and 
Capabilities to Address Modeling of Space Weather Hazards at Suborbital Altitudes," The 
7th CCMC Community Workshop,  Annapolis, MD, USA, 31 March-3 April 2014. (oral 
presentation) 

11. K. Copeland, D.F. Smart, M.A. Shea, E.C. Corcoran, B.J. Lewis, "Progress Towards 
MIRA: The new CARI-7 and ESRA," Space Weather Workshop, Boulder, CO, USA, 8-11 
April 2014. (oral presentation) 

12. M.T. Andrews, J.T. Goorley, E.C. Corcoran, D.G. Kelly, Delayed Neutron & Gamma 
Measurements of Special Nuclear Materials and MCNP6 Simulations, Los Alamos 
National Laboratory, Los Alamos, New Mexico, 17 December 2013. 

13. E.C. Corcoran, Status Update for Corcoran CRD Research Program, RAC/EAC Meeting, 
Toronto Ontario, 12 December 2013.   

14. A. Butko, Development of a DNA-based radiological dosimeter for space crew 
applications, PCAIRE Presentation, Ottawa Ontario, 2 December 2013.  

15. M.J. Roeterink, D.G. Kelly, E.G. Dickson, and E.C. Corcoran, Analysis and Monte Carlo 
Modelling of Radio-Opaque Personal Protective Fabrics, The Institute of Textile Science 
111th Scientific Session, Ottawa Ontario, 9 December 2013 (Invited oral presentation). 

16. M.T. Sellers, J.T. Goorley, E.C. Corcoran, D.G. Kelly, A Preliminary Comparison of 
MCNP6 Delayed Gamma Emission from 235U and Experimental Measurements, American 
Nuclear Society Transactions and American Nuclear Society Winter 2013 meeting, 
Washington DC, 10-14 November 2013.  

 
Technical Reports Prepared for Industry: 

1. G.A. Ferrier, J. Metzler, M. Farahani, A.D. Quastel, P.K. Chan, and E.C. Corcoran, 
Fundamental Studies on Stress Corrosion Cracking Mitigation for CANDU® Fuel Bundles, 
CANDU Owners’ Group Technical Report (TN-13-2041) 26 March 2014. 

2. M.T. Andrews, J.T. Goorley, E.C. Corcoran, D.G. Kelly, Changes to Delayed Neutron 
Measurements at RMCC and their corresponding MCNP6 Simulations, Los Alamos 
Laboratory Report, 4 December 2013. 

 
 
Interactions with Industry, University and Other Organizations 
 
This CRD program supplements COG research and development (R&D) activities in nuclear 
fuel technology, which benefit the national laboratory and the commercial utilities.  In particular, 
the university research contributes directly to the COG work packages WP22229, WP22230, 
and WP22231. 
 
The university research involved strong collaboration with AECL–CRL and the Stern 
Laboratories on the out-of-reactor instrumented defective fuel tests. Also, the RMCC has 
worked closely with AECL, GEH, CFM, Bruce Power, and OPG on the alternative material 
brazing project.  
 
Dr. Corcoran has reviewed a number of manuscripts for the Journal of Nuclear Materials and 
the Journal of Scientific Research.  
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Awards 
 
1. M.T. Andrews, R.E. Jervis Award, CNS, August 2014. 
2. E. Veryard, NSERC-Undergraduate Research Award (UGRA), May to August 2014. 
3. T. Beames-Canivet, NSERC-Undergraduate Research Award (UGRA), May to August 2014. 
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Royal Military College of Canada – Thomas Krause CRD 
 
CRD Title:  Advanced Inspection of Candu Steam Generator Tubing 
Structures Using Transient Eddy Current  
 
 
Overview 
 
This project focuses on challenges in CANDU(R) steam generator 
(SG) inspection and maintenance that are not presently addressed 
by conventional inspection technologies.  Development of transient 
eddy current (TEC) technology is targeting inspection issues 
associated with support plate degradation and fouling, which lead to 
tube corrosion and loss of SG efficiency.  Inspection and monitoring 
of these conditions can be integrated with preventive maintenance 
programs, thereby advancing station-life management processes.  
Extension of the TEC technique to other in-reactor tubular structures, 
such as fuel channel pressure tube/calandria tube gap and linear 
injection shutdown system (LISS) nozzle proximity to calandria tube 
is also a goal of this project. 
 
The objectives of this project are:  

1. Develop TEC technology, including probe design, optimized for inspection conditions 
associated with SG tube geometry (completed).  

2. Advance the analysis of TEC data for rapid signal feature recognition and extraction 
of key inspection parameters (progressing).  

3. Identify processes associated with generation of TEC signals in tube geometry in the 
presence of common tube flaws, support plates, degradation modes, and various 
fouling conditions (progressing). 

4. Model and develop theory that describes TEC for various SG tube structural 
geometries in order to advance analytical and predictive capabilities for assessment 
of SG degradation and fouling conditions (progressing). 

5. Validate theoretical models with data obtained under simulated and real SG 
inspection conditions (progressing). 

6. Extend developed TEC models to more general in-reactor tubular structures such as 
fuel channel pressure tube to calandria tube gap and LISS nozzle proximity to 
calandria tube (initiated in 2014). 
 

 
Program Results / Highlights 
 
In the past year progress was made towards all 6 objectives. Specific progress includes 1) 
redesign of original TEC probe to inspect trefoil broach supports for wall loss [4,6], 2) 
incorporation of multi-linear regression as an additional tool towards analyzing multi-parameter 
scores from Principle Components Analysis (PCA) of associated signals [5], 3) experimental 
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investigation of general support plate corrosion and tube position when  tube fretting is present 
[1,12] and broach supports in presence of sludge (magnetite) [6], 4) modeling of excitation field 
and pick-up coil response in the presence of broach support plate corrosion and magnetite 
using finite element method [4,6,11] and development of analytical models describing TEC 
response in conducting and ferromagnetic materials [3,8,10], and 5) validation of finite element 
analysis against TEC signals measured under conditions of support plate corrosion and 
magnetite fouling[6]. Work towards objective 6, extending development of TEC to more general 
in-reactor tubular structures such as fuel channel pressure tube to calandria tube gap and LISS 
nozzle proximity to calandria tube has been initiated [7]. 

TEC inspection was combined with PCA for simultaneous determination of tube position within 
support structure hole and measurement of hole inner diameter (ID) variation, simulating 
general corrosion. PCA was shown to be a robust analysis technique that provided good 
separation of tube and support structure effects on TEC signals [1]. Figure 1a shows the 
reconstruction of a TEC voltage signal using the sum of orthogonal PCA eigenvectors, Vi, 
multiplied by associated scores, Si, as given by: 

Voltage = S1*V1+S2*V2+S3*V3+S4*V4.    (1) 

Figure 1b shows a surface plot of S1, S2 and hole ID, demonstrating use of PCA scores to 
determine both position and support structure hole ID, simultaneously [1]. This independence 
was attributed to the short diffusion times of electromagnetic fields through the SG tube wall, 
compared with longer times for diffusion into the surrounding ferromagnetic support structure 
[1].  Hole ID can be obtained by quadratic fit as: 

�� � ���2�	 
 ���2� � ��1�	 
 ���1� � ���1��S2� � �,  (2) 

using the best fit parameters A, B, C…F and PCA scores S1 and S2. Tube position within 
support plate hole may also be determined as it is linearly correlated with S2. 

 

Figure 1(a). Transient signal reconstructed 
using principal component analysis (PCA) 
vectors (shown in inset). 

Figure 1(b). Surface plot constructed from 
PCA scores S1, S2 as a function of support 
structure hole inner diameter (ID).  
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Figure 2. S4 as a function of fret depth for various support structure hole IDs. Solid line is a best 
fit to a quadratic polynomial. 

Depth sizing of rectangular frets on PCA score S4 was also demonstrated as being independent 
of variations in hole ID, as shown in Figure 2.  

Buildup of corrosion products, known as sludge, which contain magnetite, may also occur at 
support structures. Sludge blockages will inhibit by-pass flow and may induce flow-assisted 
corrosion. In the past year finite element method (FEM) modeling was used to assist in a 
redesign of the existing probe to one that was more conducive to inspection of broach supports.  
The design consists of 3 matched pickup coils, located above the drive coil and at 120° intervals 
around the probe circumference, and 3 coils below the drive coil, as shown schematically in 
Figure 3a. Figure 3b shows the one-third FEM model used to obtain simulated probe response 
and Figure 3c shows experimental probe used for in-laboratory validation of FEM model 
calculations.  Figure 4a shows a schematic top view of a trefoil broach support with one by-pass 
hole obstructed by sludge pile continaing magnetite. Figure 4b shows a top view of modelled 
magnetic field density and magnification of probe within the broach support. 
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Figure 3a. Probe design for trefoil 
broach support. 

b. One-third finite element 
method model of probe.  

c. Laboratory probe used 
for validation.  
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Figure 5 shows a comparison of the experimental and FEM modelled pick-up coil responses 
when examining a broach support flow region, obstructed with simulated magnetite (µr=3) and 
unobstructed [6].  Excellent agreement between FEM model and laboratory measured results 
was obtained. 
 
Figures 6a and 6b show preliminary results from the TEC application to be investigated in the 
coming year, measurement of pressure tube (PT) to calandria tube (CT) gap and proximity of 
LISS nozzles to CT [9].  Results were obtained for a transmit-receive probe configuration 
mounted within a laboratory mock-up of a fuel channel and were analyzed using Neural 
Networks applied to PCA scores of measured transient signals obtained under variable PT, CT 
and LISS nozzle distances. 
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 4a. Probe inside trefoil broach 
support sample with magnetite. 

 
b. Finite element model showing top view of 
magnetic field density and blow-up of the probe.  
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Figure 5. Comparison of experimental and FEM modelled pick-up coil responses when 
examining a sludge-magnetite-obstructed and unobstructed broach support flow region. 

 

 

 

 

 

 
Figure 6a. Artificial neural net model results for 
PT-CT gap measurement using TEC. 
 

 
Figure 6b. Artificial neural net model results for 
PT-LISS nozzle gap measurement using TEC.  

 

 

Cases with Realized Outcomes to Industry  
 
N/A 
 
 
Research Facilities and Equipment  
 
Royal Military College has several in-house built pulsed eddy current systems and 3 COMSOL 
licences operated on dual-quad workstations with average 100 GBytes RAM. 
 
 
Current HQP 
 
One Doctoral and three Masters Level students. 
 
 
HQP that Graduated 
  
1 Research Associate – Employed in Inspection Monitoring and Dynamics Branch, CNL, Chalk 
River Laboratories. 
 
 
Publications  
 
Peer Reviewed Publications: 

[1] J.A. Buck, P.R.Underhill, S.G. Mokros, J.Morelli, V.K. Babbar, B. Lepine, J.Renaud and T.W. 
Krause, “Pulsed eddy current inspection of support structures in steam generators”, IEEE 
Sensors Journal, Submitted Sept. 2014. 
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Conference Proceedings: 

[2] V. K. Babbar, B. Lepine, J. Buck, P. R. Underhill, J. Morelli, T. W. Krause and T. W. Krause, 
Finite Element Modeling of Wall-Loss Sizing in a Steam Generator Tube Using a Pulsed Eddy 
Current Probe,` Vol. 34, edited by:  D.E. Chimenti, Melville, New York ( 2015 American 
Institute of Physics), to be published. 
[3] D.P.R. Desjardins, T.W. Krause, and L. Clapham, ‘Simultaneous Evaluation of Material 
Parameters using Analytical Transient Eddy Current Models’, ECNDT Conference Proceedings, 
Prague, Czech Republic, Oct 6-10, 2014. 
[4] S. G. Mokros, P. R. Underhill, J. Morelli and T.W. Krause, ‘Finite Element Modelling for 
Inspection of CANDU® Steam Generators’, COMSOL Conference Proceedings, Boston, Oct. 8-
10, 2014. 
 
Conference Presentations / Poster (not repeated from above): 

[5] J. Buck, P. R. Underhill, S. G. Mokros, J. Morelli, B. Lepine, J. Renaud and T. W. Krause, 
‘Pulsed Eddy Current Inspection of Support Plate Structures in Steam Generators,’ UNENE 
Student Poster, Marriott Hotel – Toronto Airport, Dec 15-16, 2014.  
[6] S. G. Mokros, J. Buck, J. Morelli, P. R. Underhill, T. W. Krause, ‘Finite Element Modelling of 
a Pulsed Eddy Current Probe for Steam Generator Tube Inspection,’ UNENE Student Poster 
Session, Marriott Hotel – Toronto Airport, Dec 15-16, 2014.  
[7] K. Faurschou, J. Morelli, P. R. Underhill, T.W. Krause, ‘Pulsed Eddy Current measurements 
of pressure tube to calandria tube gap and LISS nozzle proximity,’ UNENE Student Poster 
Session, Marriott Hotel – Toronto Airport, Dec 15-16, 2014.  
[8] D.P.R. Desjardins, T.W. Krause, and L. Clapham, ‘Analytical Modeling for Transient Probe 
Response in Eddy Current Testing’, UNENE Student Poster Session, Marriott Hotel – Toronto 
Airport, Dec 15,16, 2014. Present. & 2nd place in poster competition. 
[9] K. Faurschou, J. Morelli, P. R. Underhill, T.W. Krause, ‘Pulsed Eddy Current measurements 
of pressure tube to calandria tube gap and LISS nozzle proximity,’ UNENE Student Poster Ses., 
Marriott Hotel – Toronto Airport, Dec 15-16, 2014. 
[10] D. Desjardins, T.W. Krause and L. Clapham, ‘Simultaneous Evaluation of Material 
Parameters Using Analytical Transient Eddy Current Models’, 19th Int. Workshop on 
Electromagnetic Nondestructive Evaluation, Xi’an China, June 25-28, 2014. 
[11] S. Mokros, V. Babbar, J. Buck, P. Underhill, J. Morelli, T.W. Krause, ‘Finite Element 
Modelling of a Pulsed Eddy Current Probe for Inspection of Steam Generator Tubes in 
CANDU® Reactors,’ 5th Int. CANDU In-Service Insp. Workshop and NDT in Canada 2014 
Conf., Toronto, ON, June 16-18, 2014. 
[12] J. Buck, P. Underhill, S. Mokros, V. Babbar, J. Morelli, J. Renaud, B. Lepine and  T.W. 
Krause, ‘A Pulsed Eddy Current Probe for Inspection of CANDU® Reactor Steam Generator 
Tubes,’ 5th Int. CANDU In-Service Insp. Workshop and NDT in Canada 2014 Conf., Toronto, 
ON, June 16-18, 2014. 
 
 
Interactions / Consultations with Industry  
 
D. Desjardins, S. Mokros, J. Buck and K. Faurschou gave paper presentations for 
Electromagnetic NDE WG meetings in April and October 2014. OPG and CNL representatives 
were present.  Bi-annual visits to CNL have also been made. 
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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 
 
This project focuses on generating a comprehensive three 
dimensional (3D) finite element method (FEM) model of eddy current 
(EC) probe response to changes in gap between the pressure tube 
(PT) and calandria tube (CT) in a CANDU nuclear reactor fuel 
channel.  EC based gap measurement is used in predictions of time-
to-contact between PT and CT and is, therefore, important for safety 
and licensing of CANDU reactors.  Although gap measurement 
systems are presently being qualified by fuel channel inspection 
service providers, no comprehensive three dimensional (3D) model 
of transmit-receive EC response to changes in PT to CT gap is 
presently available. EC gap response has been analytically modeled 
in two dimensions (2D) using flat plate geometries, but these models 
do not accurately reproduce many of the factors that affect gap measurement accuracy.  In 
particular, a 3D model is required to incorporate effects of curved PT and CT geometry, local 
variations in PT diameter, ovality, PT wall thickness and resistivity, and probe lift-off and tilt.  A 
validated 3D eddy current model could be used as part of an inspection qualification program by 
inexpensively supplementing laboratory and field measurements and assisting in quantification 
of the effect of essential parameters on gap measurement accuracy. 
 
The objectives of this project are: 

1. Generate a comprehensive model of eddy current measurement of pressure tube to 
calandria tube gap beginning with a 2D analytical model followed by 3D FEM (COMSOL) 
modelling in order to quantify the effects of essential parameters on gap measurement 
accuracy (initiated).  

2. Assemble an experimental set-up for laboratory PT to CT gap measurement using actual 
transmit-receive eddy current probe technology (initiated).  

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 (initiated). 

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 (progressing). 

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. 
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Program Results / Highlights 
 
This project was funded as of August 1, 2014. In the past 6 months progress was made towards 
objectives 1 to 6 above. A masters students began in September 2014. The student  initiated 
preparation of a 3D finite element method (FEM) model of pressure tube-to calandria tube gap 
measurement. Basic comparisons of the FEM model results with available 2D anlaytical model 
solutions and experimental data, as provided by Ontario Power Generation, were made.  A 
second student expressed interest in the program and will be starting as a summer student in 
May, 2015. 
   
CANDU® reactor fuel bundles are immersed in a heat transport coolant (~300 °C) within a 6 m 
long pressure tube (PT). A gas-filled calandria tube (CT) surrounds the PT and thermally 
isolates it from the heavy water moderator (~50°C) surrounding the fuel channels. Four annulus 
spacers separate the hot PT from the cool CT, with the goal of  preventing contact and 
consequent potential formation of hydride blistering on the PT, which can lead to cracking. As a 
consequence, ensuring that contact will not occur is a key nuclear regulator requirement. 
 
In-reactor gap monitoring is performed by inspection systems that deliver an eddy current (EC) 
probe, which is sensitive to the proximity of the CT from within the PT [1]. Figure 1 shows a 2D 
representation of the EC configuration to be modeled.  The parameter of interest is the 
separation between the pressure tube and calandria tube, which in 2D is approximated as 
distance between two infinite planes.The model is of a transmit-recieve eddy current probe, with 
one drive coil and two pick up coils, one located close to the drive coil and the other further 
away. The 2D model is only an approximation of the actual tube geometry, which is 
characterized by a nominal PT ID of 104 mm, PT wall thickness of 4.2 mm and 129 mm ID of 
the CT [1]. In addition, a copper sheet is present in order to shield the eddy current probe from 
moving ferromagnetic conducting components below it.  Parameters that will affect the 
measurement of PT to CT gap include variations in pressure tube wall thickness, PT resistivity, 
and distance of the EC probe from the PT surface (lift-off). These parameters can vary under in-
reactor conditions due to irradiation and pressure induced creep, which will increase the PT 
diameter, decrease the wall thickness and may alter the resistivity [1].  These variables 
complicate the accurate determination of EC measured gap under typical in-reactor inspection 
conditions. 
 
While 2D analytical solutions for EC amplitude response to changes in gap have been validated 
by experiments [2], the 3D properties of the PT and CT geometry, including tube curvature, wall 
thickness varying over the sensing area of the probe and lift-off of the probe due to local 
changes in PT curvature [3] motivate the generation of a 3D model for eddy current based PT to 
CT gap measurement.  
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Figure 1: 2D geometry for analytic and FEM models of EC PT to CT gap measurement.  

COMSOL Multi-Physics FEM Models 

Two 3D FEM models, using COMSOL version 4.4 (AC/DC module with frequency domain 
analysis), were prepared as shown in Figure 2. The first assumed the planar geometry used for 
analytic solutions [2] to Dodd and Deed’s equations [4] and the second used the actual curved 
tube geometry. Both models used the characteristics of 1) multi-turn coils with drive coil 
connected to a 1 A current AC-source (also used in analytic model [2]), 2) pickup coils 
constrained to be in an open circuit configuration, 3) PT-CT gap varied from 0 to 16 mm and 4) 
a 4 kHz excitation applied to the coils. 
 
Analytic Solution for Model Validation 

An analytic solution [2], which used Dodd and Deed’s equations [4] applied to the 2D planar 
geometry shown in Figure 1, was used to validate the FEM model for the planar geometry 
shown in Figure 2a. The analytic solution makes the approximations that coils are an integral 
sum of axially-symmetric Dirac-delta coils [4] and that the PTs, CTs and copper shielding are 
infinite parallel plates [2]. 

 

  

Figure 2: COMSOL models for a) 2D PT to CT geometry and b) 3D curved geometry.  

 

    

 

a) b) 

a) 

b) 
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Figure 3 . Preliminary experimental set up, including a) transmit-receive EC gap probe and b) 
PT-CT set up including simulated liquid injection safety system (LISS) nozzle. 
 

Experimental System for Model Validation 

An experimental set-up for EC based PT to CT gap measurement has been initiated. Figure 3 
shows the preliminary set up, including basic transmit-receive EC gap probe and PT-CT set up 
for variable gap measurements.  Preliminary resistivity and wall thickness of PT samples has 
been performed. Integrated multi-frequency dependence of EC response on PT to CT gap 
variation will be performed in up-coming months. 
 
Results 

Impedance plane displays of pickup coil response for gap changing from 0 to 16 mm are shown 
in Figure 4 for various PT wall thicknesses. Note that the origin corresponds to 0 mm gap, while 
data furthest from the origin corresponds to a 16 mm gap. For the close pickup, comparison 
between analytic, FEM method and experimental results (as presented in [2]), is shown in 
Figure 4a. Good agreement is observed. In this configuration coil separation is ~10% of the PT 
ID and therefore, planar simulations provide good representation for EC probe response.  
Experimental results for far pickup have not yet been obtained. Therefore, only a comparison 
between analytic and planar FEM model results is shown in Figure 4b.  Agreement is not as 
good as in the close pickup case. Note that for the far pickup coil, separation to the driver is 
~50% of PT ID, potentially making curvature and PT wall thickness variations more significant 
variables.    

 

Figure 4: Comparison between planar and 3D FEM and 2D analytic models with experimental 
data [2] for a) close pickup gap response, and b) between FEM and 2D analytic models for far 
pickup gap response. Gap, at various PT wall thicknesses (WTs) in mm, is increasing from 0 
mm at origin to 16 mm.  

 

 

a) b) 
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Conclusions 

Modeling of eddy current based pressure tube (PT) to calandria tube (CT) gap measurement 
has been initiated. Two and three dimensional finite element method (FEM) models have been 
generated and have been compared with 2D analytic results based on Dodd and Deed’s 
equations [2,4]. In the case of a near pickup coil, comparison with experimental measurements 
has also been performed. Good qualitative agreement between FEM models, analytic solutions 
and experimental data has been observed.  However, further validation and comparison with far 
pickup coil measurements, where pressure tube and calandria tube curvature and wall 
thickness variation may play a more important role, is required.  In the coming year FEM 
modeling, with requisite experimental validation, will be performed for cases of varying PT-CT 
gap, probe lift-off, PT wall thickness and PT resistivity.  
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Cases with Realized Outcomes to Industry  
 
N/A 
 
 
Research Facilities and Equipment  
 
Royal Military College possess an MS5800 eddy current system, the same used for in-reactor 
inspections and 3 COMSOL licences operated on dual-quad workstations with an average of 
100 GBytes RAM, each. Coil winding equipment and 3D printing capability. 
 
 
Current HQP 
 
One Masters Level student. 
 
 
HQP that Graduated 
  
N/A 
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Publications 
 
Conference Proceedings: 

[5]  M. Luloff, J. Morelli and T.W. Krause, ‘Finite Element Modelling of Eddy Current Probes for 
CANDU® Fuel Channel Inspection’, COMSOL Conference Proceedings, Boston, Oct. 8-10, 
2014.  

 
Conference Presentations / Poster (not repeated from above) 

[6]  M. Luloff, J. Morelli and T. W. Krause, ‘Finite Element Modelling of an Eddy  Current Probe 
for CANDU® Fuel Channel Inspection,’ UNENE Student Presentations, Marriott Hotel – 
Toronto Airport, Dec 15-16, 2014. Poster.  

 
 
Interactions / Consultations with Industry  
 
M. Luloff gave a presentation for the Electromagnetic NDE working group meeting in October 
2014, held at RMC. OPG representatives were present. 
 
[7]  M. Luloff, J. Morelli  and T.W. Krause, ‘Finite Element Modelling of Eddy Current Probes for 

CANDU® Fuel Channel Inspection using COMSOL Multi-Physics’, Electromagnetics NDE 
Working Group Meeting, Royal Military College of Canada, Kingston, ON, Oct. 20, 2014. 

 
  



UNENE ANNUAL REPORT 2014        106 

 
 

Queen’s University – Zhongwen Yao CRD 
 
CRD Title:  Aging of Inconel X-750 Spacer Material  
 
 
Overview 
 
Dr. Zhongwen Yao was awarded the NSERC/UNENE/ 
Collaborative Research and Development (CRD) Grant on 
June 1, 2013.  
 
In modern CANDU® reactors, spacers are tight fitting 
springs that provide support to the pressure tube, separate 
it from the cold calandria tube (80°C) and prevent creep 
deformation of the pressure tube. It is essential that the 
spacers in fuel channels maintain their integrity throughout 
the fuel channel life, so the pressure tubes can be 
guaranteed not to come in contact with the calandria tubes, risking hydride blister formation and 
pressure tube rupture in which case the nuclear power plant would be accidentally shut down. 
The first generation of spacers were made of Zr-2.5Nb-0.5Cu and designed to fit loosely with 
pressure tube. However the relaxation of the spring due to irradiation led directly to the P2 G16 
incident in 1983. As a result, the spacers in CANDU reactors were changed to a tight fitting 
design made of Inconel X-750. In principle, Inconel X-750 is a γ’ Ni3[Al, Ti] strengthened Ni 
based superalloy which possess excellent mechanical strength and good creep properties in 
addition to oxide and corrosion resistance at high temperatures. However, in recent years the 
effect of aging on the properties of Inconel X-750 spacers has been a growing concern for the 
CANDU industry. Often spacers from removed channels have been found to be broken. 
Mechanical tests on removed spacers have been conducted in CRL and results suggest that 
they may have become embrittled. 
 
The main objective of this project is to develop an understanding of the embrittlement behaviour 
of the spacer, to address life management issues in existing operating reactors. The focus of 
this project is to examine the effects of displacement damage using energetic ions (as an 
analogue to fast neutron irradiation), combined with the effect of helium (via implantation carried 
out using tandem accelerators, to simulate the effect of helium produced by n-α reactions from 
Ni) on the properties of Inconel X-750: Ni (70%min), 13-17 Cr, 5-9 Fe, 2.25-2.75 Ti, 0.4-1.0 Al, 
0.7-1.2 Nb+Ta. The short and long term results are directly applicable to understanding the 
effect of aging on the integrity of CANDU spacers. The techniques and analysis methods 
applied here to ion irradiated materials help characterize neutron irradiated materials being 
studied at the Chalk River Laboratory (CRL) in parallel where the work can be rather 
challenging in terms of the complexity in operation of radioactive materials. The following 
sections outline progress achieved during 2013. 
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Program Results / Highlights 
 
Excellence on experimental setup 
• Helium pre-implantation 
• In-situ heavy ion irradiation setup for irregular TEM samples  

 
In this study, Helium ions were implanted directly into the TEM samples with energy of 10 keV 
using the Université de Montréal implanter (Fig. 1 left). TEM with in-situ  ion irradiation instead 
of traditional ion irradiation is primarily employed in bulk materials. The investigation was mainly 
carried out at IVEM-Tandem facility at Argonne National Laboratory. The figure 1 illustrates two 
irradiation facilities, Montreal Beam (left) and IVEM (right). The samples must be loaded with 
our own designed sandwich installation.  
 

 
 
Fig.  1 TEM with in-situ ion beam facilities. Left: Helium implantation facility at University of 
Montreal in Canada; Right: Single beam IVEM-Tandem at Argonne National Laboratory in USA. 
 
 
Pre-implantation of Helium at Low Temperature (RT) and Following Ion Irradiation 

A different amount of helium, 200 appm, 1000 appm, and 5000 appm, were implanted to 
different samples at room temperature. It was indicated that, by calculation of the stopping and 
range of ions in matter (SRIM), approximately 90% of the helium ions remained inside the TEM 
foil after implantation (fig. 2 (a)).  
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Fig.  2 SRIM calculation showing a) ion range of He+, b) ion range of Kr2+, c) damage produced 
by He+, d) damage produced by Kr2+.  
 
 
The TEM samples containing pre-implanted helium were then sent to IVEM-Tandem facility in 
Argonne National Laboratory for in-situ heavy ion irradiation. For samples containing 200 appm 
and 5000 appm helium, each of them was irradiated with 1 MeV Kr2+ to a maximum dose of 
4×1019 ions·m-2 at 300°C and 400°C, respectively. Samples containin g 1000 appm helium were 
irradiated at 5 different temperatures 60°C, 200°C,  300°C, 400°C and 500°C to study the effect 
of irradiation temperature. The SRIM calculations indicate that most 1 MeV Kr2+ ions can 
penetrate through the 100 nm thick area of TEM foil easily (fig. 2 (b)). Observation was taken at 
several dose steps, 0.01 dpa, 0.06 dpa, 0.27 dpa, 0.68 dpa, 2.7 dpa, 5.4 dpa and 10.8 dpa. The 
calculated dpa values only counted the damages from heavy ions since the damages produced 
from helium implantation was negligible. As shown in fig. 2 (c) and (d), within the 100 nm thick 
TEM foil, the damage produced from helium ion implantation was only about 1% of that 
produced from heavy ions. 
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 - Dose effects of heavy ion irradiation 

Cavities formed and developed during the following heavy ion irradiation at temperatures 
≥200°C in all samples with different helium content,  200 appm, 1000 appm and 5000 appm. At 
these temperatures, visible cavities in size of approximate 1 nm yielded after heavy ion 
irradiation above 2.7 dpa. Steady growth of cavities was observed with increasing irradiation 
dose. Fig. 3 (a) and (b) are underfocus bright field micrographs presenting cavity growth in 
sample containing 1000 appm helium, irradiated from 2.7 dpa to 5.4 dpa at 300°C. The 
significant cavity growth is observed in the sample containing 5000 appm helium. A high density 
of small cavities (~1 nm) presented after Kr2+ irradiation at 300°C to 2.7 dpa, whereas they grew  
to 2-3 nm at 5.4 dpa. 
 

 
 
Fig.  1 Underfocus bright field micrographs showing growth of cavities with increasing dose. a) 
and b) showing sample containing 1000 appm helium, irradiated to 2.7 dpa and 5.4 dpa 
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respectively at 300°C. c) and d) showing sample con taining 5000 appm helium, irradiated to 2.7 
dpa and 5.4 dpa respectively at 300°C. 
 
 
-    Temperature effect of heavy ion irradiation 

Apart from irradiation dose, irradiation temperatures also show an influence on the cavity size. 
There was no cavity presented in sample containing 1000 appm helium and irradiated with Kr2+ 
at 60°C to the final dose 10.8 dpa. At temperatures  ≥200°C, cavity size and morphology greatly 
depends on irradiation temperature. Sizes of cavities in lower temperature irradiations tend to 
be much smaller, and their distribution is more uniform than those in sample irradiated at 
elevated temperatures. The density of cavities decreases with an increase of irradiation 
temperatures. The size distribution of cavities is plotted in fig. 4. A larger size variation at higher 
temperatures is noticeable. 
 
 

 
Fig.  4 Size distribution of cavities in samples containing 1000 appm helium and irradiated at 
different temperatures to 5.4 dpa. 
 
 
- Effect of helium amount  

The cavity size and density are also affected by the amount of implanted helium. Fig. 5 (a) and 
(b) are underfocus bright field micrographs showing cavity microstructures after irradiation to 5.4 
dpa at 300°C in samples containing 200 appm and 500 0 appm helium respectively. Cavities in 
sample containing 5000 appm helium is much denser than those in sample containing 200 
appm helium, but much smaller sizes can be observed. A comparison is shown in fig. 6, in 
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which the cavity mean size against irradiation dose in samples containing different amounts of 
helium is plotted. The decrease of cavity size with increasing of helium amount was observed. 
 

 
 
Fig.  5 Underfocus bright field micrographs showing cavity microstructures after irradiation to 5.4 
dpa at 300°C with a) 200 appm helium, b) 5000 appm helium. 

 
Fig.  6 Cavity mean size against the amount of helium. 
 
 
-  Cavity evolution close to grain boundaries 

In all samples with the presence of visible cavities (irradiated at ≥200°C), grain boundaries and 
phase boundaries were carefully checked. After irradiation to 5.4 dpa at relatively high 
temperature, and in samples containing both high helium level (5000 appm) and low helium 
level (200 appm), no cavity denuded zone near boundaries was observed. 
 
Pre-implantation of helium at high temperature (300°C) 

In contrast to neutron irradiated Inconel X-750, sink of cavities to grain boundaries and phase 
boundaries were not found during heavy ion irradiation with cold pre-implanted helium, in a wide 
irradiation temperature range from 60°C to 500°C. T he absence of cavity segregation to 
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boundaries during heavy ion irradiation with cold pre-implanted helium might be attributed to the 
mutual trapping effect between helium atoms and vacancies. Helium was immobile in the 
material while being implanted at room temperature. Prior to heavy ion irradiation at high 
temperature, helium atoms may have already trapped vacancies to form cavity embryos. Once 
this has occurred, the migration of helium was limited. Consequently, fewer helium atoms 
migrated to the boundaries to assist the cavity nucleation. This implies helium pre-injection at an 
elevated temperature followed by heavy ion irradiation is likely more practical for simulating the 
real situation of helium diffusion in the reactor environment. 
 
-  Microstructures after helium pre-injections 

Cavities were observed within grains after helium pre-injections at 400°C. After 400 appm 
helium implantation,  heterogeneously distributed low density (2.27×1022 m-3) cavities with sizes 
smaller than ~1 nm were observed. After 1000 appm helium implantation, a substantially higher 
density (5.79×1023 m-3) of cavities with sizes of 1~2 nm were noted. Line dislocations tended to 
be the preferred nucleation sites for cavities. The size of cavities at dislocations was slightly 
larger than those in the matrix. In sample implanted with 5000 appm helium, highly dense 
(8.52×1023 m-3) and uniformly distributed cavities with sizes of ~ 2 nm present. Cavity mean size 
and density against helium dosage are shown in fig. 7, where an obvious decrease of size and 
density with the increasing helium dosage can be observed.  
 

 
Fig.  7 a) Cavity density and b) cavity size, against amount of implanted helium. 
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Fig.  8 Bright field micrographs showing cavity structures close to grain boundaries, a) and b) 
are overfocus and underfocus micrographs respectively taken from sample containing 1000 
appm helium. c) and d) are overfocus and underfocus micrographs respectively showing 
enrichment of cavities close to a low angle grain boundary after 5000 appm helium implantation.  
 
 
Segregation of cavities along boundaries was observed in samples containing 1000 appm and 
5000 appm helium. Fig. 8 (a) and (b) are TEM micrographs taken under overfocus and 
underfocus condition respectively, showing the microstructure of a cavity close to a grain 
boundary after 1000 appm helium implantation. Cavities along the grain boundary showed 
noticeably higher density along with larger sizes.  
 
-  Microstructures after heavy ion irradiations 

After 1 MeV Kr2+ irradiation in samples containing pre-implanted helium, obvious modification to 
the cavity microstructures was observed. Fig. 9 indicates in-situ observations of cavity 
development during heavy ion irradiation in sample containing 400 appm helium. An apparent 
increase in size and density of cavities is recognizable by comparing a) 0.68 dpa with b) 5.4 
dpa, and also another location from c) 0.27 dpa to e) 5.4 dpa.  
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Fig.  9 Underfocus bright field micrographs showing cavity development during in-situ 1 MeV 
Kr2+ irradiation in sample containing 400 appm helium. a) and b) showing same area after 0.68 
dpa and 5.4 dpa respectively. c), d), e) showing the same area after 0.27 dpa, 2.7 dpa and 5.4 
dpa respectively. 
 
 
Similar changes were also found in sample containing 1000 appm helium,  although the 
increasing margin is not as obvious as the cavities in sample containing 400 appm helium. In 
addition, a size increase of cavities along grain boundary with irradiation dose is also 
observable. In sample containing 5000 appm helium, no obvious cavity size increase was 
observed in the grain interiors during the irradiation. Unlike cavities within the grain interiors, 
some cavities formed close to a grain boundary show a remarkable growth at high dose. The 
measured cavity density after irradiation to 5.4 dpa is 9.09×1023 m-3, which is slightly higher than 
that prior to the heavy ion irradiation. A cavity denuded zone formed after helium implantation, 
and no obvious changes to it was found thereafter.  
 
 - The effects of pre-implanted helium on γ’ ordering/disordering 

Our sole heavy ion (1 MeV Kr2+) irradiation in Inconel X-750 showed that γ’ superlattice 
reflections disappeared at low dose 0.06 dpa while being irradiated at temperature ≤400°C. The 
‘ChemiSTEM’ analyses in fig. 10 show obvious agglomeration of Ti and Al but depletion of Cr 
and Fe. This indicates γ’ precipitates were only disordered but not yet dissolved at this dose. 
With addition of helium, the disordering of γ’ precipitates was apparently delayed. In sample 
containing 200 appm helium, the superlattice reflections vanished at 2.7 dpa; with 400 appm 
helium, the superlattice reflections vanished at 5.4 dpa. 200 appm helium delayed the γ’ 
disordering from 0.06 dpa to >0.68 dpa but <2.7 dpa; 400 appm helium delayed the disordering 
to >2.7 dpa. Results obtained at all temperatures are summarized in fig. 10. At temperature 
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≤400°C, the γ’ precipitates disordered eventually regardless of the helium level. The delaying 
effect by adding helium is similar from 60°C to 400 °C. Without helium, a critical temperature was 
observed in between 400 and 500°C, above which the γ’ precipitates were stable and could not 
be disordered. Adding helium did not change this critical temperature. One abnormality was 
observed during irradiation at 600°C with 400 appm helium. The γ’ superlattice reflection did not 
vanish during the irradiation.  

 

Fig. 10 left) High angle annular dark field STEM micrographs and ChemiSTEM mapping of γ’ 
precipitates after 1 MeV Kr2+ irradiation at 200°C to 0.06 dpa. Superlattice ref lections 
representing ordered γ’ precipitates vanished; right) 23 Disordering kinetics of γ’ precipitates. ‘•’ 
indicates the superlattice reflections observed. ‘o’ indicates no superlattice reflection observed. 
a) without helium, b) with 200 appm helium, c) with 400 appm helium. 

 
It has been found that there exists a critical temperature between 400 and 500°C, only below 
which the disordering can occur. This was attributed to a competition between the ballistic 
mixing induced disordering and thermal reordering, as well as defect enhanced reordering. The 
addition of helium did not change this critical temperature, which implies that helium likely 
enhance the kinematical reordering process, not substantially alters the thermal reordering at 
high temperatures. 
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Cases with Realized Outcomes to Industry 
 
same as above  
 
 
Research Facilities and Equipment 
 
1. A computer cluster was built for calculating the damage morphology in alloys. 
2. A sophisticated TEM lab is being built with in-situ heating, straining, 3D construction and low 

background measurement capabilities, considered as unique equipment in Canada.  
 
 
Current HQP 
 
The NSERC/UNENE CRD involved close collaboration with Prof. Mark Daymond of Queen’s 
University, Dr. Malcolm Griffiths of the AECL-CRL in the areas of microstructure 
characterization and rate theory calculation of Ni superalloy. 
 
Nine HQP are being trained by this CRD project. Namely, Ken Zhang (PhD, Queen’s), Sali Di 
(PhD, Queen’s), Iris Wang (MSc, Queen’s), Pooyan Changizian (PhD, Queen’s), Qingshan 
Dong (PhD, Queen’s), Adam Brooks (UG, Queen’s), Yuhan Mao (PhD, Queen’s), Cong Dai 
(PhD, Queen’s), Fengfeng Luo (PhD, Wuhan U). 
 
 
HQP that Graduated  
 
Mr. Yasir Idrees has defended his thesis successfully, and been hired full-time by Queens’ 
University as MITAC research fellow. 
Mr. Ken Zhang defended his thesis successfully, and been hired full-time by Energy Consultants 
in Alberta. 
Mr. Sali Di finished his PhD study and is hired by Vermillion Energy in Alberta. 
 
 
Publications 
 
Peer-reviewed Journal Papers: 

1. K. Zhang, Z. Yao*, M. Daymond, O. Kaitasov and J. Zhou. 'Radiation induced microstructures in 
in ODS 316 austenitic steel under dual ion beam ions’, Journal of Nuclear Materials, 454, 80-85,  
(2014). 

2. F Luo, L Guo, J Chen, T Li, , Z. Zheng, Z Yao, J Suo, ‘Damage behavior in helium-irradiated 
reduced-activation martensitic steels at elevated temperatures’, Journal of Nuclear Materials 457, 
127-131, (2014).  

3. H Zhang, Z Yao*, G Morin, M Griffiths, ‘TEM characterization of in-reactor neutron irradiated 
CANDU spacer material Inconel X-750’, Journal of Nuclear Materials 451 (1), 88-96, (2014).  

4. H. Zhang, Z Yao*, MR Daymond, MA Kirk, ‘Cavity morphology in a Ni based superalloy under 
heavy ion irradiation with cold pre-injected helium. I’, Journal of Applied Physics 115 (10), 
103508, (2014). 
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5. H. Zhang, Z Yao*, MR Daymond, MA Kirk, ‘Cavity morphology in a Ni based superalloy under 
heavy ion irradiation with hot pre-injected helium. II’, Journal of Applied Physics 115 (10), 
103509, (2014).  

6. H.K. Zhang, Z Yao*, MR Daymond, MA Kirk, ‘Elevated temperature irradiation damage in CANDU 
spacer material Inconel X-750’, Journal of Nuclear Materials 445 (1), 227-234, (2014).  

7. F. Luo, L Guo, S Jin, T Li, J Chen, J Suo, F Yang, Z Yao, ‘Effects of Ti element on the 
microstructural stability of 9Cr–WVTiN reduced activation martensitic steel under ion irradiation’, 
Journal of Nuclear Materials 455 (1), 37-40, (2014).  

8. F. Luo, Z Yao, L Guo, J Suo, Y Wen, ‘Convoluted dislocation loops induced by helium irradiation 
in reduced-activation martensitic steel and their impact on mechanical properties’, Materials 
Science and Engineering: A 607, 390-396, (2014).  

9. A.K. Khan, Z Yao*, MR Daymond, ‘Microstructure evolution during electron and ion irradiation in 
commercial purity magnesium’, ahead-of-print, Philosophical Magazine, 1-15, (2014). 

10. H.K. Zhang, Z Yao*, MA Kirk, MR Daymond, ‘Stability of Ni3 (Al, Ti) Gamma Prime Precipitates 
in a Nickel-Based Superalloy Inconel X-750 Under Heavy Ion Irradiation’, Metallurgical and 
Materials Transactions A, 1-7, (2014). 

11. SL Dudarev, K Arakawa, X Yi, Z Yao, ML Jenkins, MR Gilbert, PM Derlet, ‘Spatial ordering 
of nano-dislocation loops in ion-irradiated materials’, Journal of Nuclear Materials 455 (1), 16-
20, (2014). 

 
Conference Oral Presentations: 

1. Z.Yao, ‘Electropolishing techniques and artifacts in Fe based alloys’, Workshop ‘TEM 
Characterization of Irradiation Induced Defects’ in Argonne National Lab 2014. 

2. Z.Yao, ‘In-situ behavior, use of video’, Workshop ‘TEM Characterization of Irradiation Induced 
Defects’ in Argonne National Lab 2014. 

3. Y Idrees, M. Sattari, Z Yao, M Daymond, ‘Effects of microstructures on high temperature 
mechanical properties and radiation damages in Zr Excel Alloy’, the proceeding of  the 2014 
Canada-China Conference Advanced Reactor Development, 2014. 

4.  Z. Yao, ‘Ageing effects of CANDU spacers’ in collection of UNENE RAC meeting, McMaster 
University, Hamilton, May 8, 2014.  

5. S. Di, Z. Yao , M.R. Daymond and F. Gao, 'Molecular dynamics simulation of displacement 
cascades in α-Zirconium – c loop nucleation’, 2014 CAMS Summer School, Madison, 
Wisconsin, May, 2014. 

 
Technical Reports: 

1. The IVEM Research Highlight Report of Zircaloy and Ni-Alloys, Argonne National Lab - EMC 
Annual Review of DOE-USA in 2014. 

2. 3. G. Jiao, Z. Yao and J. Kaoumi, IRP Quarterly Report of Microstructure Characterization of 
T91 and HT9 /2014. 

 
 
Interactions / Consultations with Industry 
 
This CRD program directly benefits the parallel study of neutron irradiated spacer program in 
Chalk River Lab. The university research involved strong collaboration with AECL–CRL, 
Kinectrics and Argonne National Lab.  
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Dr. Yao has refereed the scientific proposals for EMIR JANNUS in France. He refereed one 
funding proposal for the Qatar National Research Fund. 
 
Dr. Yao also reviewed a number of manuscripts for the Journal of Nuclear Materials and the 
Journal of Materials Science. 
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UOIT – Eleodor Nichita CRD  
 
CRD Title: Improved CANDU Core Homogenization and Benchmark 
Models 
 
 
Overview 
 
In Ontario, the CANDU-reactor fleet has been providing over 50% 
of the provincial electricity supply. For CANDU reactors to 
continue being an important contributor to the provincial energy 
supply they have to continue safe and economic electricity 
production. In particular, increasingly accurate and detailed 
simulation models are required for the safety analysis of existing, 
as well as future, CANDU reactors. The broad objective of this 
proposal is twofold: To develop a new, more accurate, method for 
calculating the neutron power distribution in a nuclear reactor by 
using advanced homogenization methods and to develop detailed 
CANDU-specific benchmark problems to test the newly-
developed method, as well as other methods and codes in current use in the Canadian nuclear 
industry. As a result of the proposed research, the Canadian nuclear industry will enjoy 
improved capabilities of its computer simulation tools. For its part, the University will increase its 
expertise in the area of advanced nuclear reactor simulation tools and its graduate students 
trained as part of this project will enjoy sound knowledge of nuclear engineering and experience 
working on a challenging engineering problem. New knowledge will be generated and 
advancements will be made in the area of nuclear engineering related to CANDU reactors. 
 
1. Global-local iterations using discontinuity factors 

As part of this project, a new global-local iteration model will be developed for CANDU lattices, 
whereby cross sections and discontinuity factors will be generated using non-reflective node-
boundary conditions. The node boundary conditions will be determined by performing iterations 
between the core calculations and the single-node (cell) calculations. At each iteration, node 
boundary conditions from the previous core calculation will be used in a single-node (cell) 
calculation to calculate updated cross sections and discontinuity factors which will be used in 
the subsequent core calculation. The iterative process will continue until convergence. The 
converged values of the node-boundary currents are expected to be very close to the exact 
values and hence the resulting homogenized cross sections and discontinuity factors are 
expected to yield more accurate full-core results than standard homogenization. Single-cell 
(lattice) calculations will be performed using the lattice code DRAGON and core calculations will 
be performed using the DISDIF3D diffusion code developed at UOIT, which is a finite-difference 
diffusion code which allows the use of discontinuity factors.  
 
2. Development of a partial-cell homogenization model 

One way to reduce homogenization-related errors is to use smaller homogenization regions. 
The possibility of using partial-cell homogenization will be investigated. A CANDU cell will 
therefore be divided into rectangular sub-regions and homogenized cross sections will be 
generated for such smaller regions. Different cell sub-divisions will be studied to determine the 
ones that yield the best results.  Such a partial-cell homogenization method, which does not rely 
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on discontinuity factors, has the advantage of not requiring any changes to be made to the 
existing full-core diffusion codes and only requires a change in the procedure for generating 
cell-averaged cross sections.  DRAGON models for CANDU bundles will be developed and 
used to generate homogenized cross sections for parts of the cell. Diffusion calculations will be 
performed using DONJON. A partial-core benchmark model will be used to compare transport 
results with results obtained using full-cell homogenization and with results obtained using 
partial-cell homogenization, to assess the efficacy of the latter. 
 
3. Development of detailed CANDU benchmarks and code-suite comparisons 

Two full-core benchmark models will be developed: one for a 380-channel core and another one 
for a 480-channel core. The full-core models will include the full complement of channels, so as 
to preserve the bi-directional fuelling symmetry and will use 69-group energy detail and explicit 
fuel composition at each burnup. Partial core benchmark models will focus on two types of 
regions that customarily pose homogenization problems: regions including reactivity devices (in 
particular mechanical control rods and shutdown rods) and regions including reflector.  The 
developed benchmarks will be used to compare results obtained using the WIMS-IST/RFSPIST 
suite of codes and the DRAGON/DONJON suite of codes. The DRAGON/DONJON calculations 
will be performed at UOIT and the WIMS-IST/RFSP-IST calculations will be performed at OPG 
and UOIT. 
 
 
Program Results / Highlights 
 
The project started in April 2014, with the first students enrolling in September 2014.  Progress 
for each objective is shown below. 

1. Global-local iterations using discontinuity factors 

The possibility of using global-local iterations and discontinuity factors to reconstruct pin-
by-pin powers in CANDU cells has been investigated.  A simple, 3x3-cell, two-
dimensional model which does not include a reflector region has been developed to test 
the global-local iteration method and pin-power reconstruction for CANDU 
configurations.  Results for the 3x3 model show pin power errors below 0.5% when 
diffusion calculations are compared with transport (DRAGON) calculations.  Results will 
be presented at the 2015 ANS annual meeting.  A one-dimensional model which 
includes reflector is currently under development.  
 

2. Development of a partial-cell homogenization model 

A simple DRAGON-based full-cell homogenization model has been developed and work 
is ongoing on defining a DRAGON model for partial-cell homogenization. 
 

3. Development of detailed CANDU benchmarks and code-suite comparisons 

Possible concepts, configurations and size for full-core and partial-core benchmarks are 
being investigated.   

 
 
Cases with Realized Outcomes to Industry  
 
N/A 
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Research Facilities and Equipment  
 
 
Current HQP 
 
2 Ph.D. Students 
1 M.A.Sc. Student 
 
 
HQP that Graduated 
  
N/A 
 
 
Publications 
 
E. Nichita and E. Usalp, “Pin Power Reconstruction for PHWR Reactors Using Leakage-
Corrected Discontinuity Factors”, Proc. ANS Annual Meeting, in press, (2015) 
 
 
Interactions / Consultations with Industry  
 
The technical advisory committee has been established.  Two meetings were held with the OPG 
collaborator and a teleconference with the full advisory committee will follow soon to present 
some preliminary results for objective 1.   
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UOIT – Scott Nokleby CRD  
 
CRD Title: Development of New Fuel Channel Inspection Tools for 
Increased Inspection Speed 
 
 
Overview 
 
Existing CANDU fuel channel inspection techniques are extremely 
time consuming. First, they require the reactor to be off-line.  
Second, they only enable one fuel channel to be inspected at a time.  
These shortcomings have been identified by Ontario Power 
Generation’s (OPG’s) Inspection, Maintenance, and Commercial 
Services (IM&CS) Non-Destructive Examination Department.  This 
project proposes to address these shortcomings by developing two 
new inspection tools.  

The first tool to be developed will be a self-contained system that can 
be inserted into a fuel channel as part of a fuel bundle string, while 
the reactor is on-line, and perform the necessary inspections of the 
fuel channel. This system, dubbed the capsule, must be able to provide required Non-
Destructive Examination (NDE) tests in the extremely demanding, high temperature, high-flux 
core environment and, therefore, must be radiation hardened and total dose fault tolerant. 

The second tool to be developed will be a fire-and-forget, self-propelled inspection tool that can 
be inserted into a fuel channel of a reactor that is off-line.  Multiple copies of this tool, dubbed 
the crawler, will be capable of being inserted into multiple fuel channels and will perform 
inspections in parallel, despite being inserted sequentially by a delivery machine such as the 
Channel Inspection and Gauging Apparatus for Reactors (CIGAR) or the Universal Delivery 
Machine (UDM). 

The project was approved for a February 2012 start, but due to the timing of the notification for 
the project and the ability to recruit HQP to work on the project; the project did not commence 
until May 2012. In addition, upon further discussion with OPG personnel, the initial focus of the 
project has been shifted towards developing the prototype for the second tool discussed above, 
the fire-and-forget, self-propelled inspection tool, the crawler. It is anticipated that some of the 
developed technologies for this prototype can be extended to the capsule prototype discussed 
above.  

There has been good progress to date on the project with regards to the design of the new 
inspection system. To-date one PhD (part-time) student (Mr. Cliff Chan) and four MASc 
students (Mr. Shivam Shukla, Mr. Jordan Gilbert, Mr. Mark Manning, and Mr. Abu Khan) have 
been recruited. In addition, for the period of May 2012 to August 2012, three undergraduate 
summer research students were involved with the project. From September 2012 until April 
2013, two fourth year capstone design groups (one group of five students and one group of four 
students) worked on different aspects of the project. 

In terms of work completed to date, a detailed literature review of existing CANDU fuel channel 
inspection systems along with other possible pipe inspection technologies has been conducted.  
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The development of the new inspection system is proceeding on three fronts.  

First is the development of a method to allow wireless communication of data through the fuel 
channel closure plug. This piece is critical to allow the functioning of the overall system. 
Potential technologies have been investigated and an initial concept has been proposed (see 
Figure 1). A simple proof-of-concept prototype was built to verify the design concept. Currently, 
a more rigorous prototype is being developed that will allow testing of the concept under design 
pressures. 

 

Figure 1:  Concept Design for Modified Closure Plug 

The second avenue of investigation is the development of a robotic crawler that will move the 
inspection head in the channel. Concept generation and selection have been performed and 
proposed design concept has been selected.  A simple proof-of-concept prototype was originally 
built followed by several iterations of prototypes built with rapid prototyped parts. These 
prototypes allowed various concepts to be tested. The final prototype design has been 
completed and a proof-of-concept prototype has been built (see Figure 2).  

 

 

Figure 2:  Proof-of-Concept Prototype of Crawler 

The third avenue of research involves the development of a localization system in order to 
accurately determine the position of the crawler in the pipe. To-date, a test rig has been built 
that will allow for the testing the accuracy of different localization techniques (see Figure 3). In 
addition, a Kalman filter approach for fusing the data from the three encoders mounted on the 
system is being developed. 
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Figure 3:  Localization System Test-Rig 

In addition to the above, work has continued on modeling the reactor in MCNP in order to 
determine flux levels that the proposed crawler will experience (see Figure 4). The modeling 
data will be used in the detailed design of the crawler as well as the online inspection system. 
 

 
 
Figure 4:  MCNP Model of a CANDU Reactor 
 
Work has also continued on the development of a new flaw replication tool that can be used in-
situ (see Figure 5). 
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Figure 5:  Conceptual Design for an In-Situ Flaw Replication Tool 
 
 
Publications 
 
Manning, M., Shukla, S., Nokleby, S.B., and Waller, E., 2014, “Design of an Inspection Robot 
Crawler for CANDU Fuel Channels,” in Proceedings of the 2014 CSME International Congress, 
June 1-4, Toronto, Canada, 4 pages. 
 
 
Research Team 
 
Professor Scott Nokleby is the principle investigator and has been providing the overall 
leadership of the project including the day-today supervision of all HQP in the project.   
 
Professor Ed Waller is the co-investigator has been actively involved in the project in areas 
related to radiation effects and sensor technologies.  All HQP are co-supervised by Professors 
Nokleby and Waller. 
 
Mr. Cliff Chan (PhD student, part-time) is working on the development of the wireless 
communication across the end-cap, i.e., a wifi end-cap, along with the power and signal 
transmission requirements for all sensors and the proposed robot crawler. 
 
Mr. Shivam Shukla (MASc student) is working on the development of a robotic crawler that will 
move the sensor head package through a fuel channel.   
 
Mr. Jordan Gilbert (MASc student) is working on modelling the effects of radiation on the robotic 
crawler 
 
Mr. Mark Manning (MASc student) is working on developing the localization system for the 
crawler.   
 
Mr. Abu Khan (MASc student) is working on the in-situ flaw replication tool.   
 
The main contact at OPG have been Mr. Don Jarron.  Mr. Jarron has been providing valuable 
feedback on the developments of the research group.  
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University of Waterloo – Wei-Chau Xie CRD 
 
CRD Title: Seismic Risk Analysis of Nuclear Plants 
 
 
Overview 
 
The objective of this research project is to develop comprehensive 
methodologies for the accurate determination of both second and third 
level floor response spectra (FRS). The method will provide a complete 
probabilistic characterization of FRS as an integral part of seismic risk 
analysis. The methods overcome the deficiencies of existing spectra-to-
spectra approaches and will reduce or eliminate cumbersome and 
expensive computation in the time history method. The research will 
develop efficient and accurate modelling techniques, design methods, 
and guidelines for structural changes to ensure that systems, structures, 
and components (SSCs) in nuclear power plants (NPPs) are seismic 
qualified in a cost-effect way. 
 
 
Research Team  
 
In 2014, five PhD students (Zhao-Liang Wang, Bo Li, Wei Jiang, Zhen Cai, and Sen Long) were 
working in the projects under this CRD.  
 
 
Progress 
 
Some significant progresses in 2014 are highlighted in the following. 
 
A Direct Method for the Generation of Floor Response Spectra 

This project aims at developing an efficient and accurate direct spectra-to-spectra method for 
generating FRS. An analytical solution is developed, based on Duhamel’s integral, to express 
FRS in terms of ground response spectra (GRS) and some basic modal information of the 
structure, including natural frequencies, participation factors, and modal shapes, which can be 
easily obtained from a modal analysis. For multiple degrees-of-freedom structures, a complete 
modal combination method (called FRS-CQC), which accounts for the correlation between the 
responses of structure and equipment, is derived from the random vibration theory. The 
accuracy of the direct method is validated by comparing with the results from extensive time 
history analyses; FRS obtained by the direct method agree extremely well with the mean FRS 
obtained from a large number of time history analyses. This method is easy to implement and 
very efficient; it gives accurate FRS with a complete probabilistic description. 
 
Response Spectra for Equipment-Structure Resonance 

This project is conducted to support the direct spectra-to-spectra method for the generation of 
FRS. When generating FRS using the direct method, probability distribution of t-Response 
Spectrum (tRS), which deals with equipment-structure resonance or tuning, corresponding to a 
specified GRS is required. Based on a large number of horizontal and vertical ground motions, 
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statistical relationships between tRS and GRS are established. For uniform hazard spectra 
(UHS) with significant high frequency spectral accelerations, such as UHS in Central and 
Eastern North America, an amplification ratio method is developed to estimate tRS. 
 
Seismic Fragility Analysis Considering Multiple Ground-Motion Parameters 

Seismic Fragility Analysis (FA) is widely used to determine seismic capacities of SSCs of NPPs. 
Some inherent deficiencies, due to the use of a single ground-motion parameter (GMP), have 
been observed in engineering practice: 

(1) Different reference response spectral shapes give inconsistent seismic capacity of SSCs;  
(2) Reference response spectra introduce noticeable spectral shape variability, which 

decreases seismic capacity estimate of SSCs;  
(3) UHS implies that the maximum spectral accelerations at all frequencies occur 

simultaneously for a given earthquake scenario, introducing extra conservatism.  
 

To overcome these shortcomings, seismic fragility analysis considering multiple GMPs, which 
are spectral accelerations at significant vibration frequencies of SSCs, is proposed to reduce the 
influence of spectral shape, and release seismic margin in current seismic assessment. A large 
number of fictitious response spectra, which consider all possible combinations of spectral 
acceleration values of GMPs, are used as input GRS. Spectral shape variability is greatly 
reduced, leading to increased estimates of seismic capacities of SSCs. High Confidence of Low 
Probability of Failure (HCLPF) capacity considering multiple GMPs is derived; using multiple 
GMPs can significantly increase HCLPF capacity estimate of SSCs. 
 
To verify the applicability and demonstrate the advantages of the proposed method, a numerical 
example is performed on the Pickering nuclear generation station site. Seismic capacity of a 
horizontal heat exchanger in a reactor building is evaluated using both FA and the proposed 
methods. Peak Ground Acceleration (PGA) is chosen as GMP in FA method, while PGA and 
spectral acceleration at longitudinal frequency of the heat exchanger are used as GMPs in the 
proposed method. The results show that using two GMPs can increase HCLPF capacity 
estimate by about thirty percent. 
 
Computationally Efficient Vector-valued Seismic Risk Analysis of Engineering Structures 

Vector-valued seismic risk analysis (VSRA) combines vector-valued PSHA and fragility model 
with multiple GMP. It provides more accurate risk quantification for SSCs, whose seismic 
behavior strongly depends on multiple GMP. However, due to the extensive computational 
efforts required, VSRA has not been widely applied in engineering practice. 

This study developed a simplified approach to vector-valued seismic risk analysis (VSRA), 
which can substantially improves the computational efficiency without losing the accuracy. A 
new seismic hazard deaggregation procedure is proposed to determine a set of controlling 
earthquakes in terms of magnitude, source-site distance, and occurrence rate. This set of 
controlling earthquakes represent complete description of seismic hazard at the site and 
dominant seismic hazard in the probability range of interest. The integration over all possible 
earthquake occurrences in risk analysis is replaced by summation over this set of controlling 
earthquakes. Numerical examples show that the simplified approach can provide excellent 
approximate risk analysis results, while reducing the time cost to less than 0.5%. 
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Interaction with Industry 
 
Our research team has been working very closely with the Department of Engineering Analysis, 
Candu Energy Inc. by working on projects of their immediate interest and providing training. 
 
 
Publications 
 
Journal Papers: 

1. Xi Li, De-Yi Zhang, Wei-Ming Yan, Yan-Jiang Chen, and Wei-Chau Xie, 2015, “Shake-table 
Test for a Typical Curved Bridge: Wave Passage and Local Site Effects,” ASCE Journal of 
Bridge Engineering, 20(2), 04014061. 

2. De-Yi Zhang, Shun-Hao Ni, Hong-Yu Jia, Wei-Chau Xie, and Mahesh D. Pandey, 2014, 
“Multivariate Distribution Models for Design Spectral Accelerations on Uniform Hazard 
Spectra,” International Journal of Earthquake Engineering and Hazard Mitigation, 2(2). 

3. De-Yi Zhang, Hong-Yu Jia, Shi-Xiong Zheng, Wei-Chau Xie, and Mahesh D. Pandey, 2014, 
“A Highly Efficient and Accurate Stochastic Seismic Analysis Approach for Structures under 
Tridirectional Nonstationary Multiple Excitations,” Computer and Structures, 145, 23–35, doi: 
10.1016/j.compstruc. 2014.07.017. 
 

Conference Publications: 

1. Zhao-Liang Wang, Mahesh D. Pandey, and Wei-Chau Xie, 2014, “Seismic Fragility Analysis 
of the Block Masonry Wall in Nuclear Power Plants,” Proceedings of the 19th Pacific Basin 
Nuclear Conference (PBNC 2014), Vancouver, British Columbia, Canada, August 24-28, 
2014, PBNC2014-380. 
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Western University – David Shoesmith /Sridhar Ramamurthy CRD 
 
CRD Title: Mechanical and Chemical Indicators for SCC in Alloy 800 
Steam Generator Tubing 
 
 
Overview 
 
Steam generator (SG) tubing plays an important 
role in heat transfer from the primary side to the 
secondary side of the nuclear reactor.  SG tubing 
made from Alloy 600 (Ni-rich alloy) has proven to 
be susceptible to corrosion, especially to stress 
corrosion cracking (SCC). As a result, A600 has 
been replaced with either A690 (Cr-rich) in the 
USA or A800 (Fe-Ni-rich) in Canada.  Thus far, 
there had been no reports of SCC in A800 while in 
service; though recently cracking has been 
reported in Europe. A800 is also not immune to 
cracking under laboratory conditions. 
 
One of the main mechanisms proposed for the SCC of nickel-based alloys is the film rupture 
mechanism in which the passive film at the crack-tip is ruptured by the build-up of plastic strain, 
leading to localized corrosion and crack advancement before repassivation. Hence, determining 
the properties of the oxide films formed on these alloy surfaces is critical to understanding their 
susceptibility to SCC and for developing new nickel-based alloys with better corrosion 
resistance.  Accordingly, the major objective of this UNENE-funded NSERC CRD project is to 
understand the differences in the corrosion behaviour of A600 and A800 SG tubing materials, 
especially the properties of the oxide layer formed on A600 and A800, and how these 
differences affect their cracking behaviour. 
 
During the first year of this project, research focused on understanding the oxide film properties 
on A600 and A800 samples exposed to room temperature 0.1M Na2S2O3 (pH=6.5) solution.  
Based on the electrochemical data and the results from the surface analytical measurements, a 
model for the oxide film growth was developed. For the Fe-Ni rich A800, the results indicated 
that the segregation of Fe to the outer regions of the oxide film leads to a thicker oxide layer, a 
more resistive inner Cr2O3 barrier layer, and the retention of Ni in the surface of the substrate 
alloy. In contrast, for the Ni-rich A600, the more noble Ni does not readily oxidize and segregate 
to the outer regions of the film, leading to a thinner oxide layer and an underdeveloped barrier 
layer. Improved corrosion resistance exhibited by A800 in this solution was mainly due to the 
retention of the Cr2O3 inner barrier layer. 
 
During the second year of the project, research continued on understanding the oxide film 
development at higher temperatures, up to 90 ºC. In addition to sodium thiosulphate solution 
(known to cause SCC in A600 tubing), experiments were also performed in sodium sulphate 
solution (which does not cause SCC).  Moreover, the oxide films formed on stressed A600 and 
A800 C-ring samples exposed to an acid sulphate solution at 315 ºC (from U of T) was also 
characterized. Highlights of the results from these measurements are presented in the next 
section. 
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Program Results / Highlights 
 
The results presented here are divided into two parts:  (a) results obtained from the laboratory-
based electrochemical experiments and (b) results from the characterization of the A600 and 
A800 C-ring samples subjected to cracking experiments. 
 
(1)  Results from Electrochemical Measurements 

Electrochemical experiments have been performed in deaerated 0.1M Na2S2O3 (pH=6.5) and 
0.1M Na2SO4 (pH=6.1) solutions. As discussed previously, SCC of A600 was observed in the 
thiosulphate solution, while the sulphate solution is considered neutral and benign. Samples 
were subjected to various applied potentials, ranging from the equilibrium potential (Ecorr) to 
those in the passive and transpassive regions. The oxide films formed under these conditions 
were characterized using surface analytical techniques such as scanning electron microscopy 
coupled with energy dispersive X-ray (SEM/EDX) analysis, X-ray photoelectron spectroscopy 
(XPS), scanning Auger microscopy (SAM) and time-of-flight secondary ion mass spectrometry 
(ToF-SIMS). 
 
Figure 1 presents the anodic polarization curves obtained in the sulphate and thiosulphate 
solutions at 90 ºC. The data for the A600 and A800 samples are presented here. The anodic 
polarization curves in 60 ºC solutions are similar in nature and hence not presented here. For 
the sulphate solution, the anodic polarization curves presented in Figure 1 (left) indicated that 
A600 and A800 exhibited similar behaviour.  For example, the passive region was from -0.39 to 
0.7 Vsce for A600 and -0.5 to 0.65 Vsce for A800. However, the passive current densities are 
lower by an order of magnitude for A800, 7.2x10-7 to 4.3x10-6 A/cm2, compared to 1x10-6 to 
1.5x10-5 A/cm2 for A600. Thus, even in this benign solution, A800 was more passive (less 
corrosive) than A600. In contrast, the anodic polarization curves in the thiosulphate solution 
exhibited much different behaviour. While A800 still exhibited a large passive range (-0.44 to 0.5 
Vsce), only a narrow passive range (-0.47 to 0.18 Vsce) was observed for A600, increasing its 

susceptibility to corrosion. 
 
Figure 1.   Anodic polarization curves for the A600 (black) and A800 (red) samples in 0.1M 
Na2S2O3 (left) and 0.1M Na2SO4 (right) solutions at 90 ºC 
 
Based on the anodic polarization curves, regions for potentiostatic experiments were chosen 
and the samples were subjected to these potentials for a period of eight hours.  The samples 
were then removed, washed with deionized water and analyzed using XPS and other 
techniques.  Figure 2 presents a summary of the data from the XPS survey scan spectra 
collected at three different potentials after exposure to a 0.1M Na2SO4 solution at 60 and 90 ºC.  
The three major constituents, Ni, Cr and Fe, have been normalized and the normalized ratios 
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are presented in this figure.  For A600 (Figure 2, left), the oxide consists mostly of nickel (blue) 
and chromium (black).  Iron (red) incorporation in the oxide layer was observed only in the 
transpassive region.  In addition, Cr appears to be depleted in the transpassive region and the 
oxide film consists of iron and nickel only.  In contrast, the oxide layer on A800 appeared to be a 
mixture of Fe, Cr and Ni at all potential regions.  In addition, Cr was found to be present in the 
oxide layer even in the transpassive region.  Moreover, greater Cr content within the oxide layer 
was observed in the oxide on the A800 sample.  Incorporation of Cr into the oxide layer can 
explain why A800 consistently exhibited lower current densities in the anodic polarization curve 
shown in Figure 1 (left).  Figure 3 presents the XPS data for the samples exposed to a 0.1M 
Na2S2O3 solution at 60 ºC and 90 ºC.  Even in this solution, A800 consistently tends to retain 
more Cr in the oxide film compared to A600 (by a factor of 2).  High resolution XPS spectra 
obtained of the A600 and A800 samples exposed to the thiosulphate solution at 90 ºC, Figure 4, 
indicate that the dominant Cr species are Cr(OH)3 for the A600 samples and Cr2O3 for the A800 
samples.  A significant amount of Cr2O3 is observed on the A800 samples, even in the 
transpassive region where the passive film breakdown had occurred.  Moreover, the extent of 
Cr concentration in the oxide layer, and particularly that of Cr2O3, is greater for A800 compared 
to A600, which enhances the corrosion resistance of A800 in the thiosulphate solution.  A major 
reason for the retention of Cr2O3 on A800 can be explained by the simultaneous presence of 
iron species in the oxide layer on A800; the presence of iron species was consistently observed 

across all potential regions on A800 samples.  In contrast, iron species were not observed in 
A600 samples, except in the transpassive region.  The presence of iron tends to retain Cr in the 

oxide layer, thus enhancing its corrosion resistance. 
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Figure 2.   Normalized (Fe, Ni and Cr) oxide composition determined from the XPS survey scan 
spectra for the samples exposed to 0.1M Na2SO4 solution at 90 ºC. 

Figure 3.   Normalized (Fe, Ni and Cr) oxide composition determined from the XPS survey scan 
spectra for the samples exposed to 0.1M Na2S2O3 solution at 90 ºC. 

Figure 4.   Summary of high resolution XPS measurements performed on the samples exposed 
to a 0.1M Na2S2O3 solution at 90 ºC.  The figures on the top are for the Cr species and the 
figures on the bottom are for the Fe species.  The figures on the left are the data from the A600 
samples and the figures on the right are the data from the A800 samples. 

 
 
(2)  Results from Characterization of Cracked C-ring Samples 

A600 and A800 stressed C-ring samples were exposed to an acid sulphate solution at 315 ºC 
under potentiostatic control in Roger Newman’s laboratory at U of T. Samples were removed 
after 12 hours of exposure (close to crack initiation for A800) and after 60 hours (cracks 
propagated to ~ 60 µm in A800). These samples were characterized as part of the project 
workscope to determine the oxide film composition and how the composition compared to those 
formed during laboratory electrochemical experiments. 
 
Figure 5 presents the SEM images of the C-ring samples after exposure to the acid sulphate 
solution for 60 hours. Extensive intergranular cracking was observed on the A800 C-ring sample 
(images on the right). However, the A600 sample exhibited severe cracking behaviour; 
intergranular and transgranular cracking (images on the left) was observed at the apex of the 
A600 C-ring sample.  Even after a 12 hour exposure, intergranular cracking was observed on 
the A600 sample, while only localized corrosion was observed on the A800 sample.  Further 
surface analytical measurements have been conducted to determine the nature of the oxide 
layer formed under a high temperature acid sulphate exposure. EDX spectra obtained of the 
oxide films are presented in Figure 6.  This figure shows that the oxide layer is enriched in Cr, 
while a Fe-Cr-rich oxide layer was observed on the A800. The XPS and ToF-SIMS 
measurements indicated that the presence of Fe in the oxide film on the A800 sample tends to 
produce a more compact and stable oxide film.  In contrast, Fe incorporation in the oxide film 
was not observed on the A600 sample and, as a result, the oxide film is porous and thicker 
compared to that on the A800. Thus, the oxide film properties appear to influence the relative 
susceptibility to cracking in acid sulphate chemistry at 315 ºC. 
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Figure 5.   SEM images of the apex of the C-ring indicating the presence of intergranular cracks 
after exposure to the solution for 60 hours. 
 
In summary, based on the results obtained from the laboratory-based electrochemical 
measurements performed at room temperature to 90 ºC and the analysis of the C-ring samples  
exposed to the acid sulphate chemistry at 315 ºC, the incorporation of Fe into the oxide layer on 
A800 is the most critical step in improving the corrosion resistance of this material compared to 
that of A600. It appears that the presence of Fe (or Fe oxides) helps to stabilize and preserve 
the Cr oxides on the sample surface even in the transpassive region where significant corrosion 
is expected to occur. Improvement in corrosion resistance could be attributed to the formation of 
a stable Fe2Cr2O4 phase on the A800. 
 
Research for the third year of the project will focus on three aspects: (1) extending the 
laboratory-based electrochemical measurements to temperatures up to 180 ºC, (2) performing 
scoping experiments under selected shutdown and start-up conditions typically encountered in a 
CANDU reactor, (3) further investigating the role of applied/residual strain on oxide film 
properties. A major outcome of this project will be the development of a comprehensive  

 
database of oxide film properties on the A600 and A800, which will identify the effect of solution 
composition (especially the trace amounts of contaminants present during the shutdown or 
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start-up conditions), operating temperature and the role of strain in the material. It is also 
expected that the results from these experiments may help to define boundary conditions for the 
stakeholders in which the A800 material is expected to be stable and resistant to corrosion 
 
Figure 6.   EDX spectra collected from the apex of the A600 (left) and A800 (right) C-ring 
specimens, indicating the presence of a Cr-rich oxide layer on A600 and a Fe-Cr rich oxide 
layer on A800. 
 
 
Cases with Realized Outcomes to Industry 
 
As discussed in the previous section, significant progress has been made on understanding why 
A800 exhibits improved corrosion resistance compared to A600.  Incorporation of Fe into the 
oxide layer and the subsequent formation of a compact and stable film appears to be the 
primary factor for improved corrosion resistance of A800. During the third year of the project, 
experiments will be conducted under the shutdown and restart conditions and the role of various 
species (such as dissolved oxygen) on the oxide film stability will be investigated. Such 
experiments are expected to define the boundary conditions within which the SG material is 
expected to exhibit a stable behaviour with improved resistance to corrosion. 
 
 
Research Facilities and Equipment 
 
This project is being carried out at Surface Science Western (SSW), a research and consulting 
laboratory specializing in the analysis and characterization of surfaces and materials. This 
facility houses a number of surface analytical techniques and is the only facility of this kind in 
Canada. In addition, the expertise of the staff at SSW has been critical in the data analysis and 
interpretation for the results generated in this project. 
 
A high temperature furnace was built for the steam/H2 oxidation experiments conducted for this 
project. This furnace is being used by the project personnel from this group as well as Professor 
Newman’s group. There is also a possibility of using this furnace for other research projects.  
Other additions to Professor Shoesmith’s facility include an anaerobic chamber with oxygen 
concentration less than 0.1 ppm, a humidity chamber that allows gas phase corrosion 
experiments at different humidity levels in temperatures, and a photoelectrochemistry (PEC) 
system to probe the properties and defect structures of semiconducting materials, such as 
certain oxides and sulphides - common corrosion films on metals. 
 
 
Current HQP 
 
1 Research Associate, 50% on this project. 
1 Research Assistant, 25% on this project 
1 Summer Student, 100% on this project. 
 
 
HQP that Graduated  
 
1 PhD student (Melissa Faichuk), graduated December 2013.  Currently employed at Chalk 
River Laboratories. 
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Publications 
 
Major publications for the past year (2014) from Professor Shoesmith’s group are given below. 

1. T.E. Standish, D. Zagidulin and D.W. Shoesmith, The Galvanic Coupling Between Waste 
Form and Waste Container Materials under Permanent Nuclear Waste Disposal Conditions. 
Submitted to J. Nucl. Mater., February 2015. 

2. P. Jakupi, P.G. Keech, I. Barker, S. Ramamurthy, R.L. Jacklin, D.W. Shoesmith and D.E. 
Moser. Characterization of Commercially Cold-sprayed and Determination of the Effects of 
Impacting Powder Velocities, submitted to J. Nucl. Mater., February 2015. 

3. P. Dauphin-Ducharme, W.J. Binns, M.E. Snowden, D.W. Shoesmith and J. Mauzeroll, 
Determination of the Local Corrosion Rate of Magnesium Alloys Using a Shear Force 
Mounted Scanning Capillary Method, accepted for publication in Faraday Discussions, 
January 2015. 

4. M. Razdan and D.W. Shoesmith, The Influence of Hydrogen Peroxide and Hydrogen on the 
Corrosion of Simulated Spent Fuel, accepted for publication in Faraday Discussions, 
January 2015. 

5. M. Faichuk, J.J. Noel, S. Ramamurthy and D.W. Shoesmith, Properties of the Oxide Films 
Formed on Alloy 800 in a 0.1 M Na2S2O3 Solution, Submitted to Corrosion Science, 
September 2014. 

6. P. Dauphin Ducharme, M. Danaie, R.M. Asmussen, D.W. Shoesmith and J. Mauzeroll, In-
situ Mg2+ Release Monitored during Magnesium Alloy Corrosion, J. Electroanal. Chem., 736, 
61-68 (2015). 

7. V. Dehnavi, B.L. Luan, X.Y. Liu and D. Shoesmith, Correlation between Plasma Electrolytic 
Oxidation Treatment Stages and Coating Microstructure on Aluminum under Unipolar 
Pulsed DC Mode, accepted for publication, Surf. Coat. Technol., October 2014. 

8. T. Kosec, Z. Qin, J. Chen, A. Legat and D.W. Shoesmith, Copper Corrosion in 
Bentonite/Saline Groundwater Solution: Effects of Solution and Bentonite Chemistry, 
Corrosion Science, 90, 248-258 (2015). 

9. R.M. Asmussen and D.W. Shoesmith, Microscale Investigation of Multi-Phase Metal Alloy 
Wasteforms (60SS[316]-12Zr-12Mo), Corrosion 70, 1177-1180 (2014). 

10. P. Dauphin-Ducharme, R.M. Asmussen, U.M. Tefashe, M. Danaie, W.J. Binns, P. Jakupi, 
G.A. Botton, D.W. Shoesmith and J. Mauzeroll, Local Hydrogen Fluxes Correlated to 
Microstructural Features of a Corroding Sand cast AM50 Magnesium Alloy, J. Electrochem. 
Soc. 161, C1-C8 (2014). 

11. R.M. Asmussen, W.J. Binns, P. Jakupi and D.W. Shoesmith, The Influence of Microstructure 
on the Corrosion of the Magnesium Alloy ZEK 100, Corrosion 71, 242-254 (2015). 

12. R. Partovi-Nia, S. Ramamurthy, D. Zagidulin, J. Chen, R. Jacklin, P. Keech and D.W. 
Shoesmith, Corrosion of Cold-Spray Deposited Copper Coatings on Steel Substrates, 
submitted to Corrosion, August 2014. 

13. R.M. Asmussen, W.J. Binns, P. Jakupi, P. Dauphin-Ducharme, U.M. Tefashe, J. Mauzeroll 
and D.W. Shoesmith, Reducing the Corrosion Rate of Magnesium Alloys Using Ethylene 
Glycol for Advanced Electrochemical Imaging, Corrosion Science, 93, 70-79 (2015). 

14. R.M. Asmussen, W.J. Binns, R. Partovi-Nia, P. Jakupi and D.W. Shoesmith, Simulating the 
Corrosion Behaviour of a Cathodic Site in Mg Alloy Corrosion: The Electrochemical 
Behaviour of Al-Mn Intermetallics In NaCl and MgCl2Solutions, submitted to Electrochim. 
Acta, May 2014. 

15. R.M. Asmussen, W.J. Binns, P. Jakupi and D.W. Shoesmith. Microstructural Effects on the 
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Corrosion of AM50 Magnesium Alloys; J. Electrochem. Soc., 161, C501-C508 (2014). 
16. L. Wu, N. Liu, Z. Qin and D.W. Shoesmith; Modelling the Radiolytic Corrosion of Fractured 

Nuclear Fuel under Permanent Disposal Conditions, J. Electrochem. Soc. 161, E3259-
E3266 (2014). 

17. L. Wu, J.S. Goldik and D.W. Shoesmith; The Anodic Reactions on Simulated Spent Fuel in 
Hydrogen Peroxide Solutions – The Effect of Carbonate/Bicarbonate, J.Electrochem.Soc, 
161, C363-C371 (2014). 

18. L. Wu and D.W. Shoesmith; Electrochemical Study of H2O2 Oxidation and Decomposition on 
SIMFUEL (doped UO2) – Effect of pH, Electrochimica Acta 137, 83-90 (2014).  

19. P.G. Keech, R. Partovi-Nia, J. Chen, S. Ramamurthy, D. Zagidulin and D.W. Shoesmith; 
Design and Development of Copper Coatings for Long Term Storage of Used Nuclear Fuel, 
Corros. Eng., Sci. and Tech, 49, 425-430 (2014). 

20. J. Chen, Z. Qin and D.W. Shoesmith; The Key Parameters Determining the Structure and 
Properties of the Sulphide Films Formed on Copper Corroding in Anaerobic Sulphide 
Solutions, Corros. Eng., Sci. and Tech 49, 415-419 (2014). 

21. Z. Qin, W-J. Cheong, P.G. Keech, J.C. Wren and D.W. Shoesmith; Modelling the 
development of Acidification within Corroding Sites on Spent Fuel Surfaces, Corros. Eng., 
Sci and Tech 49, 583-587 (2014). 

22. V. Dehnavi, X.Y Liu, B.L. Luan, D.W. Shoesmith and S. Rohani; Phase Transformation in 
Plasma Electrolytic Oxidation Coatings on 6061 Aluminum Alloy, Surf. Coat. Technol., 251, 
106-114 (2014). 

23. L. Wu, Z. Qin and D.W. Shoesmith; An Improved Model for Corrosion of Used Nuclear Fuel 
Inside a Failed Waste Container under Permanent Disposal Conditions, Corrosion Science 
84, 85-95 (2014). 

24. M. Danaie, R.M. Asmussen, P. Jakupi, D.W. Shoesmith and G.A. Botton; The Cathodic 
Behavior of Al-Mn Precipitates During Atmospheric and Saline Aqueous Corrosion of a 
Sand-cast AM50 Alloy; Corrosion Science, 83, 299-308 (2014).  

25. M. Razdan and D.W. Shoesmith; The Electrochemical Reactivity of 6.0 wt% Gd-doped 
Uranium Dioxide in Aqueous Carbonate/Bicarbonate Solutions; J. Electrochem. Soc., 
161(4), H225-H234 (2014). 

26. T. Martino, R. artovi-Nia, J. Chen, Z. Qin and D.W. Shoesmith; Mechanisms of Film Growth 
on Copper in Aqueous Solutions Containing Sulphide and Chloride under Voltammetric 
Conditions, Electrochimica Acta, 127, 439-447 (2014). 

27. M. Razdan, M. Trummer, D. Zagidulin, M. Jonsson and D.W. Shoesmith; Electrochemical 
and Surface Characterization of Uranium Dioxide Containing Rare Earth Oxide (Y2O3) and 
Metal (Pd) Particles, Electrochimica Acta 130, 29-39 (2014). 

28. M. Razdan and D.W. Shoesmith, Influence of Trivalent-Dopants on the Structural and 
Electrochemical Properties of Uranium Dioxide, J. Electrochem. Soc., 161, H105-H113 
(2014). 

29. A. Mishra and D.W. Shoesmith, The Influence of Alloy Content on the Propagation of 
Crevice Corrosion on Nickel-Chromium-Molybdenum-Tungsten Alloys in Hot Saline 
Solutions, Corrosion, 70, 721-730 (2014). 

30. A. Mishra and D.W. Shoesmith, The Effect of Alloying Elements on Crevice Corrosion 
Inhibition of Nickel-Chromium-Molybdenum-Tungsten Alloys under Aggressive Conditions, 
accepted for publication in Corrosion, January 2014. 

31. J. hen, Z. Qin, L. Wu, J.J. Noel and D.W. Shoesmith; The Influence of Sulphide Transport on 
the Growth and Properties of Copper Sulphide Films during Copper Corrosion in Anaerobic 
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Sulphide Solutions, Corrosion Science 87, 233-238 (2014). 
32. A.K. Mishra and D.W. Shoesmith; Effect of Copper on the Crevice Corrosion Inhibition of 

Nickel-Chromium-Molybdenum Alloys in Aggressive Solutions, submitted to 
CORROSION2015, National Association of Corrosion Engineers, Houston, TX, USA, 
October 2014. 

 
 
Interactions / Consultations with Industry 
 
The results from this research project were presented to the UNENE community during the 
UNENE RAC meeting (May 8, 2014) and UNENE R&D Workshop (December 16, 2014). In 
addition, students from Professor Shoesmith’s group participated in the student poster session 
during the December R&D Workshop. The project personnel will also work with the Technical 
Advisory Committee members to determine the shut down and start up conditions for 
experiments to be performed in the third year. 
 
In addition to this project, Professor Shoesmith has extensive interactions with the nuclear 
industry, mainly through the Nuclear Waste Management Organization (NWMO). In addition to 
sponsoring his chair program, NWMO is also funding major projects on copper coated steel 
containers for long-term nuclear waste storage, radiolytic corrosion of copper and pitting 
corrosion of copper. He has also been involved with various international efforts on nuclear 
waste storage.  Some of his research projects have been sponsored by SKB (copper corrosion), 
Amec U.K. (titanium corrosion), TransCanada Pipelines (pipeline corrosion), and GM 
(magnesium corrosion) In addition, he has also been involved in reviewing technical reports and 
papers related to the corrosion of nuclear waste storage containers. 
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