


UNENE ANNUAL REPORT 2011       1 



UNENE ANNUAL REPORT 2011       2 

Acknowledgement 

 
 
On behalf of the Members and Directors of UNENE, I express our appreciation to the UNENE 
Officers, Committee Chairs and members and Industrial Research Chairs for preparing this 
Report.   
 
Funding from the Natural Sciences and Engineering Research Council (NSERC) is gratefully 
acknowledged.  Without its enthusiastic support, UNENE would not be possible. 
 
 
 
Dr. Jatin Nathwani 
Chair 
Board of Directors 
University Network of Excellence in Nuclear Engineering (UNENE) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 University Network of Excellence in Nuclear Engineering 
 Réseau D’Excellence Universitaire en Génie Nucléaire 

 Department of Engineering Physics 
 McMaster University 

 1280 Main Street West 
 Hamilton, ON, L8S 4L7 

 Canada 
 

 www.unene.ca  



UNENE ANNUAL REPORT 2011       3 

 
CONTENTS

 
  

ACKNOWLEDGEMENT .................................................................................................................. 2 

CORPORATE PROFILE .................................................................................................................. 4 

CHAIRMAN’S MESSAGE .. ............................................................................................................ 5 

REPORT OF THE VICE CHAIR ...................................................................................................... 7 

CORPORATE GOVERNANCE ........................................................................................................ 8 

THE UNENE NETWORK ................................................................................................................. 9 

VISION AND STRATEGIC OBJECTIVES ..................................................................................... 10 

PRESIDENT’S REPORT ............................................................................................................... 11 

EXTERNAL RELATIONSHIPS ...................................................................................................... 14 

EDUCATIONAL ACTIVITIES ........................................................................................................ 15 

JOINT MASTER’S OF NUCLEAR ENGINEERING DEGREE PROGRAM ................................................... 15 
PROGRAM DIRECTOR’S REPORT ................................................................................................... 15 
REPORT OF THE EDUCATION ADVISORY COMMITTEE (EAC) ............................................................ 18 

RESEARCH ACTIVITIES .............................................................................................................. 21 

REPORT OF THE RESEARCH ADVISORY COMMITTEE (RAC) ............................................................ 21 

INDUSTRIAL RESEARCH CHAIRS .............................................................................................. 26 

QUEEN’S UNIVERSITY – MARK DAYMOND  IRC ............................................................................... 27 
UNIVERSITY OF WESTERN ONTARIO – JIN JIANG  IRC..................................................................... 37 
ROYAL MILITARY COLLEGE OF CANADA – BRENT J. LEWIS  IRC ...................................................... 48 
MCMASTER UNIVERSITY– JOHN LUXAT  IRC .................................................................................. 54 
UNIVERSITY OF TORONTO – ROGER C. NEWMAN  IRC .................................................................... 65 
UNIVERSITY OF WATERLOO – MAHESH D. PANDEY  IRC ................................................................. 70 
UOIT – ANTHONY WAKER   IRC .................................................................................................... 76 

COLLABORATIVE RESEARCH AND DEVELOPMENT ............................................................... 86 

UNIVERSITY OF GUELPH – PETER TREMAINE  CRD ........................................................................ 87 
MCMASTER UNIVERSITY – MARILYN LIGHTSTONE  CRD ................................................................. 91 
UNIVERSITY OF OTTAWA – STAVROS TAVOULARIS   CRD ............................................................... 95 
UOIT – SHAHRAM SHAHBAZPANAHI   CRD .................................................................................. 101 
UNIVERSITY OF WATERLOO – WEI-CHAU XIE   CRD ..................................................................... 105 

AUDITOR’S REPORT 2011 ......................................................................................................... 108 

BOARD OF DIRECTORS AND OFFICERS ................................................................................ 117 



UNENE ANNUAL REPORT 2011       4 

CORPORATE PROFILE     

 

  
University Network of Excellence in Nuclear Engineering (UNENE) is a not-for-profit Corporation 
incorporated by the Government of Canada with Letters Patent issued on July 22, 2002. The 
Head Office of the Corporation is located at the Department of Engineering Physics, Faculty of 
Engineering, McMaster University, 1280, Main Street West, Hamilton, ON, L8S 4L7.   
 
UNENE is a unique industry - university alliance.  Its current members are: 
 
Atomic Energy of Canada Ltd. (AECL-CRL) currently Candu Energy Inc. 
Bruce Power (BP)  
Ontario Power Generation (OPG) 
CANDU Owners Group (COG) 
Cameco 
Canadian Nuclear Safety Commission (CNSC) 
AMEC/Nuclear Safety Solutions (AMEC/NSS) 
Nuclear Waste Management Organization (NWMO) 
 
McMaster University  
Queen’s University  
University of Toronto  
University of Ontario Institute of Technology (UOIT)  
University of Waterloo  
The University of Western Ontario 
Ecole Polytechnique  
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  ............................................................  

 
Jatin Nathwani 
 
  
On behalf of the Board, I am pleased to report a successful year of 
activities and accomplishments. The UNENE Board and its officers 
continue to provide a high level of engagement and service to all the 
partners. The research and educational activities undertaken within our 
mandate have delivered tangible benefits to industry and the 
universities. 
  
UNENE is gaining wider recognition through its research outcomes 
and advances in knowledge. The success of our code development 
efforts are being recognized nationally, through participation in expert 
roles on the COG technical committees and internationally through 
various cooperative arrangements organized along research 
disciplines. The leveraging of Canadian knowledge with additional international input allows 
UNENE to play a leadership role in the international arena. 
 
Industry, membership continues to expand. This year we welcomed the Canadian Nuclear 
Waste Management Organization (NWMO) to UNENE as an industry member. The NWMO has 
a keen interest in fostering the educational aspects of UNENE for its organization.  The 
Canadian Nuclear Safety Commission (CNSC) has increased its funding contribution to UNENE 
to support and strengthen its interest in several research topics currently underway within the 
UNENE program.  The CNSC commitment to UNENE also addresses some of the external 
review recommendations made to the CNSC earlier on increasing its research funding.  
 
This year can be characterized as stable with continuity in directors from member organizations 
and a strong support from universities and industry members. The Board of Directors met 
regularly every quarter attending to regular business items. Items requiring further discussion 
and deliberation related to the educational program and the fees structure were dealt with 
through an organized board workshops. During 2011, the Board of Directors worked effectively 
in addressing all UNENE business issues. The Board also met, over a facilitated strategic 
planning session, to review the state of the organization, confirm its vision, goals and mandate 
and remains confident in the organization’s capability to meet emerging challenges.  
  
Succession planning of current Industrial Research Chairs, IRC’s, has been a high priority item 
of interest to the Board and myself given its critical role in preserving research capacity and the 
ability to train highly qualified professionals to meet future industry needs. One tangible 
contribution to be noted is the important role that the UNENE faculty members played in the 
media and helped with the tone of public discussions after the Fukushima accident. An 
independent source of scientifically credible information will continue to remain a key factor in 
how public policies will be shaped following such events. 
  
Looking back at the year, UNENE continues to strive in meeting its mandate and provide value 
for money to its industry members recognizing the contributions of universities to the knowledge 
base and its continuing supply of highly qualified personnel to industry at large. 
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I look forward to another year of solid contributions and positive outcomes for this important 
national partnership between the universities and the industry.  

 
Professor Jatin Nathwani, Ph.D., P.Eng. 
Ontario Research Chair in Public Policy  
for Sustainable Energy 
University of Waterloo  
Chair, UNENE Board of Directors  
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REPORT OF THE VICE CHAIR  .................................................  

 
Paul Spekkens 
 
 
During this past year 2011, UNENE’s industry–academia partnership 
continued to gain strength and momentum through both strong 
industry support to university research and to UNENE M.Eng. 
program. 
 
At the same time the Board of Directors worked effectively attending 
to its key accountabilities derived from previous Board retreats on the 
topic. Strategic planning workshops were held to address and revisit 
UNENE’s prime objectives. These have yielded examining current 
achievements along with future plans to address gaps and future 
challenges. Ensuing recommendations have been since endorsed by 
the Board for further actions to address them.  
 
Industry strong support continues both with financial and in-kind contribution. In-kind 
contribution is equally critical to enable various research programs to achieve its expected 
results and outcomes. Technical advisory committees with industry representatives continue to 
be engaged in addition to providing some special equipment as required. 
 
This year industry funding has increased through increased organizational funding in some 
cases and additional industry members joining such as AECL-CRL, NWMO and Candu Energy.  
 
Research programs continue to address medium to long term needs of the industry on all 
aspects of the technology with spinoffs to current NPP needs. The M.Eng program continues to 
draw young industry professionals aspiring to enhance their nuclear knowledge and core 
competency building. 
 
Two notable items worth noting this year; the first one is the start of a Candu Textbook 
documenting the scientific basis of the Candu-HWR technology. A business case was approved 
by the Board enabling such undertaking. The project is funded under a Candu Owners Group 
(COG) Joint Project with contributions from Candu utilities in Canada and offshore.  
 
A second item worth noting is the extensive coverage of the Fukushima events and the many 
interviews and publications made by UNENE’s Industrial Research Chairs and their Associates 
in effectively addressing public concerns through TV and media interviews. This has reaffirmed 
the Board of Directors and industry at large the important role these respected pool of experts 
provide as independent consultants to industry and their inputs to public consultation. 
 
Overall, it has been a productive year with a growing industry base and funding and a strong 
academic program continuing to leverage additional funding and building a strong research and 
academic base for the nuclear industry in Canada. 
 

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 a representative 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 
Atomic Energy of Canada Ltd. until December 2011, 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 The University of Western 
Ontario.     
 
Other 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, Cameco, CANDU Owners Group, 
Canadian Nuclear Safety Commission, AMEC/NSS, Ecole 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 2009, Dr. Jatin Nathwani had assumed the position of 
Chair and Dr. Paul Spekkens assumed the position of Vice-Chair of the UNENE Board of 
Directors. 
 
The Board of Directors sets policies and procedures not defined in the By-Laws of UNENE.  It 
functions through two standing committees, the membership of which are drawn from the 
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, thereafter from September 2009. 

 Dr. Ben Rouben, Secretary / Treasurer, from July 1, 2008. 

 Dr. Victor Snell, Program Director, from June 23, 2008. 
 

Note: Dr. Bill Garland is currently working under a COG contract as a Project Manager 
for the Candu Textbook liaising with UNENE. 

 
The financial year of UNENE is from April 1 to March 31 of the succeeding calendar year.  
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Royal Military College 

THE UNENE NETWORK  .............................................................  
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VISION AND STRATEGIC OBJECTIVES  ................................  
 
 
Vision: 
 
 “An outstanding and effective university-industry-government partnership promoting university-
based education and research in nuclear 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 
 
 
2011 for UNENE was a year of growth and progress; growth in industry 
membership and its funding base, and progress in so far as board 
approval for the development of a CANDU textbook. 
 
During this year additional industry members joined UNENE: AECL-
CRL, Candu Energy and NWMO. The CNSC has also increased its 
funding this year to support additional collaborative research and 
development grants (CRDs) in support of safety and licensing needs. 
 
Research programs continue to advance knowledge in their respective 
areas of the technology, some of which are being readily applied to NPP 
components in support of plant life cycle management. 
 
Leveraging knowledge and funding is a continual objective of UNENE’s Industrial Research 
Chairs (IRCs). During this last year advances in knowledge are being leveraged with other 
research knowledge through access to international academia in addition to our Canadian one. 
Publications and academic networking enabled an increased level of national and international 
exchanges including student exchanges and ongoing validation of research and nuclear data. 
 
Succession planning of IRCs continues to be a UNENE priority, in particular for the Board of 
Directors, universities and Natural Sciences and Engineering Research Council of Canada 
(NSERC). Renewal of the Queen’s University IRC on “Nuclear Materials” was successfully 
approved by NSERC and the UNENE Board in December 2011, with the associate IRC 
assuming the role of the principal IRC. The Royal Military College (RMC) IRC on “Nuclear Fuel” 
will end in August 2012 with the retirement of the IRC. Potential RMC senior successors are in a 
similar professional phase which made it difficult for UNENE/RMC to reapply. However current 
RMC faculty members continue to have a strong base of nuclear fuel research programs under 
UNENE & COG that with continued research and academic successes will enable such 
application / stature to be revisited in the future. Industry support to research continued to be 
strong with both in-kind contributions through technical input to research programs and/or with 
increased funding to support additional scope and programs of interest to industry. 
 
Both the Educational Advisory Committee (EAC) and Research Advisory Committee (RAC) 
continue to apply the governance and due diligence needed to all of UNENE programs. Industry 
membership in both committees has been for most members unified into one representative 
with separate committee meetings/chairs to ensure due attention to various business elements. 
The annual RAC workshop was held in December and well attended with some 120 industry 
and academia participants. A large contingent of senior undergraduates and graduate students 
attended the workshop and participated in the student poster session held on the first day of the 
workshop. Prizes sponsored by industry and academia were awarded to the best poster 
presentation, accounting for the discussion with the student and alignment of the topic with 
current industry priorities. 
 
Another progress item worth noting in this reporting period is the approval of the business case 
by the Board for the development of the CANDU textbook. This represents a milestone in itself 
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considering that Dr. Bill Garland (my predecessor) in UNENE has been discussing this for a 
number of years. This is currently funded through a Joint Project under COG which was much 
appreciated source of funding for such a milestone. Work is proceeding well under the 
leadership of Dr. Bill Garland. The book is expected to be an eBook with some hard copies 
produced as an initial milestone. 
 
The M.Eng. program this year continued to hold steady in the number of new registrants along 
with a steady level of graduates, mainly young industry professionals. In 2011 the number of 
graduates was eleven (11). Also during this year the M.Eng. program added two new graduate 
level courses: one on Nuclear Fuel Design by RMC that was well received, and a permanent 
scheduling of a recently reactivated course on Fuel Management. 
  
The level of Highly Qualified Personnel (HQP) within the research program continues to be 
maintained at the level of nearly 120 HQP currently enrolled in the various IRC programs. 
During this year nearly 60 HQP have successfully completed their graduate level degrees with 
some recently employed by industry, government or academic institutions. Details are depicted 
in figures 1 and 2 below.  
 
With these highlights I look forward to next year’s challenges and achievements towards 
continued strong research and educational programs equally serving industry needs and 
academic aspirations. 
 

Figure 1  
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EXTERNAL RELATIONSHIPS 

 
Basma Shalaby 
 

 
UNENE’s profile continues to rise both within Canada and offshore. 
 
Within Canada UNENE has had several submissions this year to various government 
institutions and panels. Most submissions addressed the role of nuclear research and its 
infrastructure in supporting the economic and safe operation of current CANDU plants and its 
contribution to the environmentally sound option of power generation. 
 
On the international arena the Fukushima incident (March 2011) has also triggered an intense 
need for public communications within Canada and internationally. This resulted in numerous 
TV and radio interviews conducted with some of the UNENE Industrial Research Chairs (IRCs) 
and its technical officers. The interviews held were timely in addressing public interest in the 
event, its impact on the public in Japan and its comparison with the Canadian CANDU design 
and safety features. This very incident confirmed UNENE’s vision since inception and that is to 
provide an independent pool of university scientific experts for public consultation on industry 
related issues. 
   
On the research front results and publications continued to be forthcoming throughout the year. 
These have been a key vehicle for the recognition of Canadian nuclear research and its 
contribution to the nuclear science and technology. This resulted in an increased level of 
bilateral relationships between universities and research organizations throughout the US, Asia 
and the EU. Some of the notable examples this year are: 
 

- The currently ongoing international thermalhydraulic benchmarking activity through 
which some of the Canadian computational codes are being compared with others in the 
world. This enables students from both sides to gain exposure and training in 
international best practices and ensures that our industry is represented in these 
important activities. 

- The benchmarking exercises held on fuel property data where a Canadian developed 
fuel thermochemical model is being part of an international benchmarking in advanced 
fuel thermal and mechanical property codes. 

 
UNENE’s operating model is also being sought by newly established networks with similar 
objectives in different continents. This year UNENE was sponsored by the IAEA to participate in 
an international mission to assist the Asian Network for Education and Nuclear Training 
(ANENT) in the review of nuclear education in Vietnam. This review was in preparation for the 
country’s first nuclear plant contract which was subsequently announced between Vietnam and 
Russia. 
 
UNENE has during the year hosted some JAEA visitors in Canada. JAEA has subsequently 
sponsored UNENE Program Director to share the Canadian educational model and experience 
with other counterparts in an International Human Resource Development conference in Asia. 
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EDUCATIONAL ACTIVITIES  .....................................................    

Joint Master’s of Nuclear Engineering Degree Program  

Program Director’s Report  

 

Victor Snell 
 

 
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 Council of Graduate Studies (OCGS) and is 
aimed largely at people already working within the industry and 
wishing to upgrade their education within the discipline of an 
academic environment. 
 
To accommodate students with a full-time job, the courses are given during weekends 
throughout the academic year, normally at the Whitby campus of Durham College. Synchronous 
interactive distance education is now a routine part of every course – it has been used “live” by 
remote students, and the recordings provide all students a means of reviewing the material. 
 
In order to deliver a full breadth of nuclear engineering courses, the program exploits 
professorial expertise residing at participating universities and draws specialist guest lecturers 
from UNENE industry members. The Education Advisory Committee (EAC) of UNENE controls 
curriculum matters, whereas the Program Director appointed by UNENE is responsible for 
enrollment, 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.  
 
The past academic year saw a decrease in net enrolment in the UNENE M.Eng. As of the end 
of calendar 2011, there was an “active” enrollment (existing + accepted – inactive – graduated) 
of 53, compared to 63 at the same time in 2010. A number of students who met or exceeded 
input requirements were not able to obtain employer funding. However the distribution of 
students by employer was more even than in previous years. 
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Figure 1 shows S. Janarthanan, a 2011 Graduate. 
 

 

Figure 1 – The UNENE President and S. Janarthanan, Spring 2011 

 
Figure 2 summarizes the cumulative throughput of students as of the same date, for the life of 
the UNENE M.Eng. 
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Figure 2 - Student Throughput 

 
Highlights of 2011 include: 
 

 A new UNENE course on Nuclear Fuel Engineering was offered on a one-off basis in the 
Spring of 2011. It was highly successful and has now become part of the permanent 
UNENE M. Eng. offering. 

 Past and present UNENE students were surveyed on the value of the M.Eng. to them. 
The objectives were to: 

o Determine students' overall satisfaction with the UNENE M.Eng. program 
o Provide evidence of benefit (or otherwise) of the UNENE M.Eng. and its courses 

to the student and his/her employer 
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o Suggest improvements to UNENE in the way the program is run. 
Students’ feedback indicated that the UNENE program provided value, with strengths in 
broadening knowledge, understanding the design and licensing basis of current fleet of 
Candu Nuclear Power Plants (NPPs), distance education, and the UNENE 
Administration. Almost all would recommend the program to their colleagues. 

 Students were again surveyed in late 2011 on the value of the UNENE M.Eng. to their 
employer. Responses were uniformly positive, with the common thread that while their 
new skills had benefited the employer in a number of specific cases in everyday work, 
the real value was in giving students a broader breadth towards effective problem 
solving across all disciplines. To quote one respondent, “Let me try to be as clear as I 
can. The beauty of the UNENE M.Eng. lies entirely in the fact that it “broadens your 
capabilities”...what the expectation of UNENE should be is an across the board “raising 
of the bar”.” 

 To address issues with course scheduling, notably the difficulty of fitting all courses in to 
a two-year cycle, a mixed 2/3-year cycle was developed, in which all core courses are 
given every two years and all non-core courses every three years. This will be 
implemented during the 2012/2013 academic year. Details are available at 
www.unene.ca 

 With the Ontario Council on Graduate Studies (OCGS) having downloaded the task of 
certifying university programs to the universities, UNENE has been preparing for its 
program review, scheduled for 2013/4. It will be led by McMaster, with other UNENE 
Universities in the loop. 
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Report of the Education Advisory Committee (EAC)  

 

Mahesh Pandey, Chair 

 

Emily Corcoran, Vice Chair 
 
 
The Education Advisory Committee (EAC) of UNENE met 
approximately quarterly in this reporting period. The Mandate of EAC is 
to advise the UNENE Board 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 new elective course, Nuclear Fuel Engineering, was given in 
Spring 2011. It received positive feedback, and was approved by the 
EAC, and then by UNENE member universities as part of the 
permanent course offering for the UNENE M.Eng. 
 
We have received approval and funding from CANDU Owner’s Group 
(COG) for a textbook focused on the principles of the CANDU reactor 
physics and design. COG will administer the production of the textbook, 
with Prof. W. Garland as the leader. Chapters have been distributed 
among authors, most of whom are UNENE IRCs, CRDs or industry 
instructors for UNENE. 
 
The RAC and the EAC now have one set of common members, to 
ensure the member is aware of all aspects of his/her organization’s 
interactions with UNENE, and to reduce travel costs. The Chairs, 
however, are specific to each Committee. 
 
Dr. Snell attended the “International Conference on Nuclear Human Resource Development in 
Asia and Pacific - the Role of Nuclear HRD after Fukushima Accident”, in February 2012 in 
Bangkok, Thailand. He gave a paper on the UNENE M.Eng. It is clear from the meeting that 
UNENE remains an innovator in cooperation among universities for a graduate degree in 
nuclear engineering, and in use of synchronous distance education. 
 
The EAC approved a new schedule for UNENE courses, with core courses given every two 
years and non-core courses every three years. It allows more courses to be added and reduces 
the number of overlaps. 
 
The Board of Directors instructed UNENE to broaden and diversify its educational offerings 
beyond the UNENE M.Eng. – e.g. professional non-academic development for industry staff, 
and a UNENE nuclear diploma. Such ideas will be evaluated, developed and some will be 
implemented during the coming year. In addition, the Board stressed the need to facilitate 
students from non-Ontario Universities to take UNENE courses as part of their degree. 
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The Committee consists of one representative from each UNENE member. Mahesh Pandey 
was the Chairman, and Emily Corcoran was the Vice-Chairwoman, for the reporting period. At 
the end of the reporting period, the combined Committee Membership was as follows: 
 
AECL-CRL               Bob Speranzini (RAC Chair) / Ramesh Sadhankar 
Bruce Power   Peter Purdy       
Guelph    Peter Tremaine 
McMaster   John Luxat / Dave Novog (alternate)  
NWMO    Paul Gierszewski  
OPG    Saad Dahdouh / Mary Duarte  
Queen’s   Mark Daymond   
RMC    Emily Corcoran (EAC Vice-Chair) 
RMC    Brent Lewis  
Saskatchewan   Chary Rangacharyulu 
Toronto   Roger Newman 
UOIT    George Bereznai  
UOIT    Tony Waker / Ed Waller (alternate)  
Waterloo   Mahesh Pandey (EAC Chair)   
Western   Jin Jiang 
Windsor   Ram Balachandar 
CNSC     Nanci Laroche / David Newland (alternate)   
COG    Frank Doyle / Henry Chan (alternate)  
AMEC-NSS    John MacKinnon 
École Polytechnique  Jean Koclas 
UNB    Derek Lister   
NRCan    Dan Brady 
Candu Energy   Sermet Kuran    
 
Ex-officio UNENE Officers: 
President   Basma Shalaby    
Program Director  Victor Snell    
Secretary/Treasurer  Ben Rouben  
 
The committee oversees the course-based Master’s of Engineering program in Nuclear 
Engineering, aimed at upgrading the knowledge of staff already working in the nuclear industry. 
The M.Eng. Program is jointly offered by McMaster, Queen’s, UOIT, Waterloo and Western. 
 
Candidates eligible for admission into the graduate program of a participant university enroll in 
the M.Eng. Program and complete 10 half-term courses, of which two may be replaced by a 
major engineering project, to earn their Degree. Three of the 10 courses can be Business 
Courses from Advanced Design and Manufacturing Institute (ADMI). The Education Advisory 
Committee recommends curriculum, course content and potential instructors. In addition, it 
assists the Program Director in making arrangements for technical visits and selection of course 
delivery sites at member organizations. 
 
Current offerings include the following courses: 
 
UN0501: Nuclear Fuel Management of the Reactor Core 
UN0601: Control, instrumentation and electrical systems in CANDU  
UN0602: Nuclear fuel waste management 
UN0603: Project management for nuclear engineering 
UN0701: Engineering risk and reliability 
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UN0702: Power plant thermodynamics 
UN0801: Nuclear plant systems and operations 
UN0802: Nuclear reactor analysis (Reactor Physics) 
UN0803: Nuclear reactor safety design 
UN0804: Nuclear reactor heat transport system design 
UN0805: Radiation health risks and benefits 
UN0806: Nuclear Fuel Engineering 
UN0901: Nuclear materials 
UN1001: Reactor chemistry and corrosion 
 
The four courses in red are compulsory core courses, taken by every student. 
 
Detailed teaching evaluations, conducted at the end of each course, provide opportunities for 
quality control. Examination of evaluation feedback assists the Committee in assessing the 
quality of teaching, and the teaching faculty in incorporating changes for improving the next 
offering and enhancing the students’ learning experience. The committee also recommends 
adoption of the latest computer and web-based course delivery tools to facilitate interaction 
between students and instructors. All course material is made available over the web. Lectures 
are recorded and made available on the web for review purposes. 
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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. Since the 
creation of UNENE, seven IRCs and associate IRCs have been 
established. 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    Mike Upton    
OPG     Saad Dahdoud   
COG     Frank Doyle 
CNSC     Nanci Laroche   
NSS     John MacKinnon 
McMaster University  (Past-Chair) John Luxat / David Novog (Alternate) 
Queen’s University    Rick Holt / Mark Daymond (Alternate)   
Toronto    Roger Newman    
UOIT     Anthony Waker  
University of Waterloo   Mahesh Pandey    
Western Ontario   Jin Jiang   
Ecolé Polytechnique   Jean Koclas 
UNB      Derek Lister    
Royal Military College   Brent Lewis 
Guelph University   Peter Tremaine 
UNENE     Ben Rouben 
 
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 in cooperation with NRCan’s Gen IV National 

Program 
4. Implementing new Collaborative Research and Development (CRD) projects  
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5. Monitoring progress of existing CRD research proposals 
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 

sessions). 
 

CHAIR PROGRAMS: The currently established UNENE/NSERC IRCs cover seven critical 

areas of CANDU technology as described below. During the period one of the existing chairs 

was renewed as discussed below. 

 

1) Nuclear Materials (Rick Holt (Senior Chair)/ Mark Daymond (Associate 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 and Associate 

Chair were successfully renewed in 2007. 

 

2) Nuclear Safety (John Luxat (Executive 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 

modeling severe accident phenomena. The other focus of the program is theoretical 

modeling and experimental studies in Thermalhydraulics. The objective in this area is to 

improve understanding of heat transfer behavior 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.  
 

3) Nano-Engineering of Alloys (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 nanoporous metals formed during corrosion, 

and electrochemical monitoring in concrete. The Chair was successfully renewed in 2009. 
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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 

2008. 

 

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

Waterloo). The primary objective of this chair is to advance the life-cycle management of 

critical components of CANDU reactors, namely, FCs, SGs and feeders. In the FC area, 

the program will provide methodologies for risk assessment of PT-Calandria Tube contact, 

determination of optimum sample size for SLAR (Spacer Location and Repositioning) 

revisits, and a probabilistic model of D2-uptake rate. In the area of SGs, the program is 

developing a risk-based model for optimizing SG inspection, maintenance, and repair 

activities. In the area of feeders, a probabilistic model of Flow Accelerated Corrosion 

(FAC) and wall thinning is under development, in order to optimize the aging management 

of feeders. The Chair was successfully renewed in 2009. 

6) Nuclear Fuel (Brent Lewis (Senior Chair) Royal Military College).  The primary objective 

of this chair is to advance knowledge of fuel behavior under normal operating conditions 

(NOC).  This includes modeling of fuel defect formation; oxidation of defected fuel; 

development of defected fuel monitoring techniques; and advanced fuel designs in support 

of the CANDU industry.  This Chair was established in 2007. 
 

7) Health Physics and Environmental Safety (Tony Waker (Senior 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; ultra-thin scintillator counter for tritium in air 

monitoring; microdosimetry and radiation quality of low energy photons and beta rays; 

and, simulation of CANDU radiation fields and dose visualization. This Chair was 

established in 2008. 

 

NON-CHAIR RESEARCH PROJECTS: A number of CRD projects were awarded to other 

university researchers in previous years and a new round of CRD’s was initiated in late 2009 

based upon the success of the initial program and the strong support for the program from the 

UNENE funding partners.  The following CRDs were approved by the UNENE Board of 

Directors and have submitted applications for NSERC matching funding.  

 

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

University).  Renewed. 
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2. Mechanical and Chemical Indicators for SCC in Alloy 800 SG Tubing Materials (L. Lau, 

UWO).  New CRD. 

3. Experimental and Computational Studies of Two-Phase Flows in Nuclear Reactor 

Systems (S. Tavoularis, U of Ottawa).  New CRD. 

4. Advancement of Sensor Array Processing for Non-Destructive Testing in Nuclear Power 

Plants (S. Shahbazpanahi, UOIT).  New CRD. 

5. Seismic Risk Analysis of Nuclear Plants (W-C Xie, U of Waterloo).  New CRD. 

 

A subsequent call for new proposals in 2010 resulted in approval of 3 additional CRDs. 

 

1. Advanced Inspection of CANDU Steam Generator Tubing Structures Using Transient 

Eddy Current (T. Krause, RMC).  New CRD. 

2. Development of New Fuel Channel Inspection Tools for Increased Inspection Speed (S. 

Nokleby, UOIT).  New CRD. 

3. Molybdenum based Oxygen Sensors and Analysis for Intact and Defective Fuel Studies 

(E. Corcoran, RMC).  New CRD. 

 

UNENE R&D WORKSHOP:  Workshops were held in 2009 and 2010 November as part of the 
R&D review and planning and in concert with the call for new Collaborative R&D (CRD) 
proposals.  About 90 attended in 2010 (compared with 70 in 2009) from industry (OPG, BP, 
COG, AECL), member universities and other universities, government (NRCan, CNSC, 
NSERC) with a full agenda for the day: 

 industry representatives 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. 

Industry priorities were defined in areas of: 

 safety design and license base issues (safety and licensing) 

 material degradation assessment and mitigation strategies; components (fuel channels, 

feeders, SGs) 

 chemistry 

 radiation and environmental impact assessment and control 

 CANDU R&D capability maintenance 

It was clear from university presentations that building of HQP and facilities is ongoing and has 
reached a sustainable and functional level.  The call for new CRD proposals was issued in 2010 
November based on industry priorities presented at the workshop.  

 

UNENE STUDENT POSTER SESSIONS  

Very successful student poster sessions were held in 2009 and 2010 and were coordinated with 
the R&D workshops.  The poster sessions in 2010 included 35 posters from 11 universities.  
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; 

 Quality and originality of the work; and, 

 Effectiveness 

 



UNENE ANNUAL REPORT 2011       25 

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 benefiting 

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 

– Rick Holt, Past Chair 

 
UNENE/NSERC IRC Program: Nuclear Materials  
 

 

Overview 
 
The chair was renewed for its second term on February 1, 2007, with 
Prof. R.A. Holt as the Chair and Prof. M.R. Daymond as Associate 
Chair.  OPG and COG funding are now funnelled through UNENE.  
With Prof. Holt retiring and moving to Professor Emeritus status in 
February 2012, Prof. Daymond applied as Senior Chair for renewal of 
the Chair program, with the proposal submitted in late July 2011. 
Approval for the renewal with Prof. Daymond as Chair was given by 
NSERC in December 2012.  In addition, new faculty member 
Zhongwen Yao (joined Queen’s in August 2009) now has a well 
established program partially supported by the Chair (through co-
supervised graduate students); Prof. Yao’s focus is on TEM studies 
and modelling of irradiation damage.  
 
The specific goals of the program are to understand the anisotropic 
behaviour of pressure tube material, over a wide range of 
crystallographic textures and microstructures and to relate this to the 
elongation of pressure tubes, their increase in diameter, their sag and 
their fracture characteristics.  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 new 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 Highlights & Advances in Knowledge 
 
Significant advances have been made in the past year in understanding factors impacting on 
the phase stability of hydrides (Journal 9) and on the impact of the condition of the hydrides 
(e.g. natural orientation vs stress reoriented) on subsequent DHC during heatup (Thesis 1), a 
relatively unexplored area.  Significant progress has also been made in our ability to carry out 
modelling of deformation and in particular twinning in zirconium (Journals 2, 4, 10).  Work on 
understanding the basic deformation mechanisms operating in two phase zirconium alloys, 
exploring the relative influence of alloying and phases has also been reported (Journals 3, 11).  
Finally, we have also been working in the area of in situ irradiation of TEM foils (Journals 5, 6). 
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Detailed Research Highlights 
 
• Ion irradiation of spacer material (Ken Zhang) 

Ar ion irradiation studies in Inconel X750 spacer material have shown that the phase 
present in the as-manufactured condition disorders after a very low dose (0.07dpa) with no 
chemical redistribution.  Stacking fault tetrahedra (vacancy defects) are also seen at low 
dose.  After 5.4 dpa there was some chemical redistribution, Figure 1, but no cavities form.  
Cavities do form after higher doses if the material is first implanted with a few hundred ppm 
of He – the formation of cavities is thought to be the degradation mechanism in-service. 
 

• In-situ measurement of stress relaxation at flaws (Sarah Wan) 
Synchrotron X-ray diffraction measurement have been made showing substantial reduction 
in stress at the notch tip of a fracture specimen due to creep (specimen held under load at 
temperature for different time intervals), Figure 2.  This demonstrates that flaws produced 
in-service will be less likely to initiate cracks by delayed hydride cracking after reactor 
operation, and provides data for models predicting this. Arrangement have been made to 
repeat the measurements on neutron irradiated material; tests expected in April 2012. 
 

• In-situ determination of deformation mechanisms of Zr-2.5Nb with oxygen and strain rate  
(Chris Cochrane) 
The deformation mechanisms of Zr-2.5Nb are being studied as a function of strain rate, 
oxygen content and temperature (Figure 3).  This provides fundamental information about 
these mechanisms and what controls them, but also investigates the possibility of 
controlling the distribution of dislocations present in a reactor component to control its 
anisotropic properties. 
 

• Determination of deformation mechanisms of irradiated Zr-2.5Nb pressure tube material  
(Fei Long) 
The very first in-situ neutron diffraction deformation experiments have been conducted on 
irradiated material (in this case Zr-2.5Nb) allowing determination of lattice strain 
development.  The data will show how the different slip and twinning systems are affected 
individually by irradiation induced defects (Figure 4). 

 
 
Realized Outcomes to Industry 
 
As described in the previous annual report some of our earlier studies on the growth and stress 
state of hydrides are now being compared against predictions of H3DMAP by AECL to provide 
advanced validation of the model predictions (under COG WP10166); this work continues.  
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.  
Further experiments in this area are being carried out in collaboration with Kinectrics Inc. (COG 
WP 10197). 
 
The creep models used to calculate the relaxation of stresses at flaws are themselves being 
updated by Kinectrics Inc (COG WP 10618) based on our new understanding of the role of 
dislocation structures on creep anisotropy.  Further experiments are being carried out in 
collaboration with AECL and Kinectrics (COG WP 10619 ) using synchrotron x-ray diffraction to 
obtain data to verify the creep predictions, including experiments on irradiated pressure tube 
material (due April 2012). 
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Research Facilities and Equipment 
 
The new CFI accelerator project continues: building construction will start in early 2012; the 
accelerator has been ordered and an initial payment placed.  The new microscopes will be 
ordered in early 2012. Prof. Yao has placed an order for a medium sized computing cluster to 
carry out molecular dynamics simulations of radiation damage. 
 
Current HQP Enrolled in the Programs 
 
Postdoctoral fellows (3):  Prakash Sringram. Andrew Barrow & Laura Barrow (joined the group 
in February 2011). 
PhD students (9): Hamid Abdolvand, Kazi Ahmmed, Mohammad Sattari, Yasir Idrees, Fei Long, 
Qiang Fang, Sali Di, He Zhang. 
MSc students (8): Louis Liao, Travis Skippon, Chris Cochrane, Dale Campbell, Marta Majkut, 
Sarah Wan, Connor Kemp (joined the group in Sep 2011), Megan Swain (part time). 
 
HQP that had graduated; number, type 
 
1 Master of Applied Science student has graduated in this reporting period, with another moving 
to part-time status and beginning work. 
M.A.Sc. student Eric Tulk graduated in December 2011, and accepted a 12 month research 
position at Los Alamos National Lab., USA. 
M.A.Sc. student Megan Swain completed the experimental and data analysis parts of her 
degree and moved to take up a job at NuTech Precision Metals in December 2011; she remains 
a part time student a Queen’s while writing up her thesis. 
Postdoctoral Fellow Abdul Khan, took up a permanent position at the U. of Manitoba, Winnipeg. 
 
In addition, 3 students who were reported as graduating in the previous reporting period, and 
were working at that time at Queen’s as Research Assistants, have now moved on to full-time 
work:  
M.A.Sc. student P. Mosbrucker, accepted a 12 month research position at Los Alamos National 
Lab., USA.  In early 2012 she will move to Kinectrics. 
M.A.Sc. student R. Toda is now working at SNC-Lavalin Nuclear. 
M.A.Sc. student G. Allen is now working at AMEC-Nuclear Safety Solutions. 
 
 
Publications 
 
Theses 
1. Bulk hydrides and Delayed Hydride Cracking in Zirconium Alloys, E. Tulk, M.A.Sc. Thesis, 

December 2012. 
 

Journal papers  
Articles submitted and in-press 2010 
1. W. Li, R.A. Holt, M.R. Daymond, F. Xu, J.  “Influence of prior dislocation structure on the 

anisotropy of thermal creep of cold-worked Zr-2.5Nb tubes Nuclear Materials. 412 (2011), 
pp138-144. 
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Articles published 2011 
2. H. Abdolvand, M.R. Daymond, C. Mareau, “Incorporation of twinning into a crystal 

plasticity finite element model: evolution of lattice strains and texture in Zircaloy-2”, Int. J. 
Plasticity v27, p1721–1738 (2011), 

3. Cai, S., Daymond M.R., Holt R.A., Oliver E.C., “Evolution of internal strains in a two phase 
zirconium alloy during cyclic loading”, Acta Mater v59(13), p5305-5319 (2011)  

4. C. Mareau, M.R. Daymond, “Comparison of experimentally determined texture 
development in Zircaloy-2 with predictions from a rate dependent polycrystalline model”, 
Mat. Sci. Eng A, v528(29-30), p8676-8686 (2011).5.  

5. A. Khan, Z. Yao, M.R. Daymond, R.A. Holt, “Microstructure evolution during ion and 
electron irradiation in commercial purity Magnesium”, Nucl. Inst. Methods B.  v 272(1) 
p231-235 (2012).6. 

6. A. Khan, Z. Yao, M.R. Daymond, R.A. Holt, “Effect of foil orientation on damage 
accumulation behaviour in magnesium during irradiation and annealing response of 
dislocation loops”, J. Nucl. Mater. 423, 132–141 (2012). 

7. M.L. Benson, P.K. Liaw, H. Choo, D.W. Brown, M.R. Daymond, D.L. Klarstrom, “Strain-
induced phase transformation in a cobalt-based superalloy during different loading 
modes”, Mat. Sci. Eng. A, v528(18), p6051-6058, (2011). 

8. B.M.B. Grant, E. Knoche, M. Preuss, J.Q. da Fonseca, M.R. Daymond, “Effect of lattice 
misfit on deformation mechanisms at high temperature”, Advanced Materials Research, 
v278, p144-149.  (2011). 

 
Articles submitted and in press 
9. E. Tulk, M. Kerr, M.R. Daymond, “Material Yield Strength Effect on the Precipitation of 

Hydride Phases in Zirconium Alloys”, J. Nucl. Materials. (2012), in press: 
doi:10.1016/j.jnucmat.2011.10.051 

10. H. Abdolvand, M.R. Daymond, “Internal strain and texture development during twinning; 
comparing neutron diffraction measurements with crystal plasticity finite element 
approaches”, in press Acta Mater. (2012) 

11. S. Cai, M.R. Daymond, R.A. Holt, “Deformation of high -phase Zr-Nb alloys at room 
temperature”, in press Acta Mater. (2012) 

12. R.A. Lebensohn, R.A. Holt, J.A. Caro, A. Alankar and C.N. Tome, in press, Comptes 
Rendus Mechanique (2012) 

13. S.L. Duradev, M.R. Gilbert, K. Arakawa, Z. Yao, M.L. Jenkins and P.M. Derlet, in press 
Phys Rev. B (2012) 
 

International conferences 
1. Plenary at European Conference on Neutron Scattering; Prague, Czech, “Using neutrons to 

study materials and components for nuclear reactor applications”, M.R. Daymond 
2. Keynote at MecaSens VI, Hamburg, Germany “Modelling twinning using FE crystal plasticity 

codes – comparisons with diffraction data”, M.R. Daymond 
3. TMS Annual Conference in San Diego, USA, February 2011  Studies of Deformation 

Mechanisms of Zirconium Alloys using Neutron Diffraction,M.R. Daymond, F. Long, C. 
Judge, D. Brown, R.A. Holt 

4. Workshop on Texture in Zirconium and Titanium, Manchester University, UK  “In Situ 
Studies of Variant Selection During the α-β-α Phase Transformation in Zr-2.5Nb”, M.R. 
Daymond 

5. Risoe National Lab Seminar Series, Denmark “Interpretation of deformation mechanisms 
operating in polycrystalline metals using diffraction and micromechanical modeling”., M.R. 
Daymond 

6. Centre d’EnergieAtomique Seminar Series, Paris, France, “Studying zirconium alloys by 
diffraction and micromechanical modelling”, M.R. Daymond 

http://dx.doi.org/10.1016/j.jnucmat.2011.10.051
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7. HEXRD MM 2011, Argonne National Lab, “Understanding twinning using diffraction and 
polycrystalline modelling,” M.R. Daymond 

8. Invited Keynote at MecaSens VI, Hamburg, Germany “The advantages of using time of flight 
neutron diffraction for line profile analysis”, L Balogh, DW Brown, B Clausen, CN Tome, MR 
Daymond 

9. Invitedtalk at Thermec 2011, Montreal, QC, “In-situ neutron diffraction investigation of the 
fine-grained dual-phase Zr-2.5Nb alloys”, O. Muransky, M.R. Daymond, O. Zanellato, R.A. 
Holt, L. Edwards 

10. A study of deformation twinning in magnesium by in-situ three-dimensional X-ray diffraction, 
M Majkut, H Abdolvand, MR Daymond, B Diak, J Oddershede, U Lienert - invited at HEXRD 
MM, Argonne National Lab. 

Three oral presentations at the TMS Annual Conference in San Diego, USA, February 2011: 
11. In Situ Synchrotron Radiation Study of the Effects of Stress on Zirconium Hydride 

Orientation, K. Colas, A. Motta, M.R. Daymond, J. Almer 
12. Effects of Altering Bulk Hydride Phase and Orientation on DHC Behaviour in Zr-2.5wt% Nb, 

E. Tulk, M. Kerr, M.R. Daymond 
13. Modelling slip and twinning induced plastic deformation: a comparison between a CPFE and 

SC approach, H. Abdolvand, C. Mareau, M.R. Daymond. 
 

CANDU OWNERS GROUP Fuel Channels Seminar in King City, Toronto, February 7-9, 2011.  
Eleven posters were presented; 
1. Investigation of the Lattice Strain Development of Textured Zircaloy-2 During Cyclic Loading 

– Megan Swain 
2. Multi-scale Modeling and Experimental Validation: Crystal Plasticity Finite Element Model – 

Hamid Abdolvand 
3. Effect of Loading Path on Lattice Strain Development in Rolled Zircaloy-2 – Travis Skippon 
4. Role of Interstitial Oxygen on the Strength and Deformation Behaviour of Zr-2.5Nb – Chris 

Cochrane 
5. In-Situ Plane Strain Compression with Neutron Diffraction of Zircaloy-2 – Dale  Campbell 
6. Characterization of  Excel Alloy Pressure Tube for Generation 4 CANDU SCW Reactors – 

Mohammad Sattari 
7. Effect of Foil Orientation on Irradiation Damage in Magnesium – Abdul Khan 
8. Microstructural Evolution in  Zirconium Alloys During Irradiation – Yasir Idrees 
9. Experimental Strain Mapping of Notch-Tip Hydrides in Zr-2.5Nb Pressure Tube Material – 

Greg Allen 
10. Texture Evolution and Variant Selection in Zr-2.5Nb During the α → β → α Phase 

Transformation – Paula Mosbrucker 
11. Hydride Phase Quantification and Delayed Hydride Cracking in Zirconium Alloys – Eric Tulk 

 
 
Interactions /Consultations to Industry or Others 
  
Prof. Holt continues a strong interaction with the industry sponsors as an external consultant for 
AECL, Bruce Power and OPG (through Kinectrics Inc.), as a reviewer and a member of the 
COG Fuel Channels Technical Committee 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, as well as acting as an external consultant for AECL.  Both Profs. Holt and Daymond 
collaborate with AECL, Kinectrics and Nu-Tech precision metals on a number of research 
topics.   
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M.R. Daymond has developed a collaboration with the Commissariat a l’ÉnergiesAtomique 
(CEA) in Paris.  The group there is developing an ion irradiation facility with some overlap in 
capability compared to the RMTL that will be operational at Queen’s in 2013, as well as 
developing models describing polycrystalline plasticity in irradiated material.  Prof. Daymond is 
spending his sabbatical (started June 2011) at the CEA to develop this collaboration. 

 
Prof. Daymond is co-supervising a PhD student (Kim Colas) at Penn State University, USA, with 

Prof. Arthur Motta.  The student is working on the effect of hydrides in cladding materials 

(Zircaloy-4 and Zircaloy-2).  While the work is not directly relevant to CANDU operational 

conditions, this collaboration is providing useful comparison data and connection into US 

research projects. 
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Figure 1.  TEM image and elemental maps of ’ in Inconel X750.  The phase is disordered after 

0.06 dpa, but there is no obvious chemical redistribution.  Some migration of Ti and Al into the 

matrix is noticeable after 5.4 dpa. 
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Figure 2.  Stress profiles under load at notch tips of curved fracture specimens after 1 hour 

(left) and 90 hours (right) creep relaxation (under load) at 310°C.  Note significant reduction 

of notch-tip stress due to creep. 
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Figure 3.  Development of lattice strain for different crystallographic planes at two strain 

rates. The changes in the relative positions, shapes and slopes of the curves with strain rate 

indicate changes in the importance of different slip systems.  This will in turn change the 

anisotropic behaviour of the material if subsequently used in a reactor application. 
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Figure 4.  First ever in-situ neutron scattering experiment on irradiated material. The data will 

yield important information on deformation mechanisms relating to fracture and stress 

relaxation at flaws as well as providing scientific insight into the effect of irradiation on 

deformation. 

 

Top graph is for unirradiated material, bottom graph for irradiated.  Note, for example, how 

the behaviour of (0002) peak is very different; in the unirradiated material it has the highest 

lattice strains (at 1% true strain) whereas in the irradiated material it shows the lowest true 

strain.  
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University of Western Ontario – Jin Jiang  IRC  

 

UNENE/NSERC IRC Program:  Controls, Instrumentation and 

Electrical Systems 
 
 
Overview 
 
The Control, Instrumentation & Electrical System (CIES) Laboratory at 
Western University Canada was established in 2003 with the support of 
UNENE and NSERC. CIES covers a wide array of research topics 
related to instrumentation, control, and electric systems in nuclear 
power plants. Current research covers the following subject areas: 
modeling, simulation, advanced control, safety systems, performance 
monitoring and diagnostics, networks and smart devices. Each of these 
subjects is addressed with respect to the short, medium and long term 
requirements of nuclear power industries. 

 

 

 
Research Program 
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Reactor Modeling, Control and Diagnosis 

The work on Pressurized Heavy Water Reactor (PHWR) modeling focuses on the development 
of MATLAB/Simulink based models to facilitate the analysis and design of the control systems 
within CANada Deuterium Uranium (CANDU) reactors. The flux control loop model is developed 
and can be extended to encompass larger subsystems and other types of reactors. 
 
Dynamic modeling of CANDU reactor using Modal Synthesis method leads to 3D model of the 
reactor core. This method will be integrated into the existing MATLAB/Simulink platform of 
CANDU reactor. This enhanced model will be used to investigate multivariable feedback control 
for reactor power regulating systems. 
Super Critical Water Reactor (SCWR) is one of the six types of Gen IV reactors. The dynamic 
characteristics of a nuclear SCWR are quite different from other existing reactors. Therefore, it 
is important to develop adequate models for SCWR to facilitate design, analysis and controls. 
Dynamic decoupled control is investigated. 
 
A fault detection and isolation strategy for fixed In-Core Flux Detectors (ICFD) in CANDU 
reactors is proposed and validated, where the correlations between proximate ICFDs are 
utilized. Advanced performance monitoring and diagnostic techniques are being developed for 
smart sensor applications. 
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Advanced Process Control, Fieldbus and Communications 
 
Evaluation of Distributed Control Systems (DCS), fieldbus technologies, and advanced control 
algorithms for their potential applications in nuclear power plants are carried out. These 
evaluations are performed on a test-bench composed of commercial products, physical mock-
ups, and an OPG desktop training simulator. Further, the development of smart sensors with 
advanced diagnostic capabilities is investigated.  
 
Smart sensor development involves the implementation of sensors, which are able to 
communicate through fieldbus protocols such as Profibus and Foundation Fieldbus and are also 
capable of performing additional functions in addition to basic control tasks. These algorithms 
can include diagnostic schemes and also cryptographic algorithms for security purposes. The 
suitability and performance of these algorithms are evaluated, and prototypes have been 
constructed. 
 
Research on wireless communications networks and sensors in nuclear power plant 
environment involves the design and implementation of wireless systems that conform to the 
electromagnetic compatibility (EMC) conditions and regulations in nuclear power plants. 
Wireless technologies can bring many potential benefits, for example, reduced cabling, lower 
installation and maintenance cost, and fast commissioning and upgrading. Tests have been 
carried out in Point Lepreau Nuclear Generating Station, in New Brunswick. 
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Design, Evaluation and Innovative Safety Systems 
 
Application of Field Programmable Gate Array (FPGA) technology to Shutdown System One 
(SDS1) involves converting SDS1 trip logics to digital system logics, and then implementing 
them into an FPGA device. FPGA technology provides a more reliable platform and faster 
execution rate of control logic and can potentially increase the safety margin of a plant. To 
validate and qualify FPGA implementation, simulation and safety analysis are being performed. 
 
Similar to FPGA implementation, Programmable Logic Controller (PLC) implementation of 
SDS1 logic is performed. SDS1 logic is translated to function block diagrams and is 
implemented on a Tricon v9 triple redundant PLC. The performance of the system is evaluated 
against expected response from the nuclear power plant simulator. Simulation capabilities are 
established through incorporation of the advanced digital controller hardware (FPGA or PLC) 
into a hardware-in-the-loop (HIL) simulation environment. Through HIL simulation, new 
technologies can be qualified, verified and validated for specific applications. 
 
Advanced shutdown systems can be achieved by implementing the concept of analytic 
redundancy. Based on mathematical models of the dynamic systems within a NPP, the next 
expected values of shutdown parameters will be calculated, supplied to the shutdown system 
logic, and compared with the trip set points. This research aims to develop advanced shutdown 
systems, which can reduce common cause failures, decrease the mean time between failure 
and avoid complex channel separation. 
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Research Facilities 

Over the last seven years some state-of-the-art research facilities have been developed under 
the IRC leadership to support the above research activities and training programs for highly 
qualified personnel. In 2009, we have moved into a new lab in a “green” building. We have also 
acquired six large projection displays and an operator console to mimic a full digital human 
machine interface station. This facility has full connectivity to existing I&C systems, which 
includes: 
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 Tricon v9 system 

 HFC 6000 

 HFC non-safety DCS  

 FPGA development system 

 Siemens PCS 7 redundant control system 

 Honeywell C-300 DCS 

 Emerson DeltaV DCS with full fieldbus connectivity 

 RTDS real-time grid simulator 

 Hardware experimental test bench 

 Wireless monitoring nodes with WirelessHART, ZigBee protocols, and 

 Smart sensor development systems 

 

   

 

Current Research Team 

• Dr. Jin Jiang (IRC Chair) 

• Dr. Xinhong Huang (Research Engineer) 

• Dr. Qingfeng Li (Research Engineer) 

• Dr. Ataul Bari (Postdoctoral Fellow) 

• Mr. Arif Hossain (MESc Candidate) 

• Mr. Sungwhan Cho (PhD Candidate) 

• Mr. Hash Hashemian (PhD Candidate) 

• Mr. Jianping Ma (PhD Candidate) 

• Mr. Drew Rankin (PhD Candidate) 

• Mr. Jingke She (PhD Candidate) 

• Mr. Peiwei Sun (PhD Candidate) 

• Mr. Ahmad Osgouee (PhD Candidate) 

• Mr. Lingzhi Xia (PhD Candidate) 

• Mr. Quan Wang (PhD Candidate) 
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Participants at 7th UNENE Annual I&C Workshop held on Nov. 11 at SNC–Lavalin 

 
 
 
Publications (Selected) 
 
Journal Papers 
 

1. P. W. Sun and J. Jiang, “Construction and analysis of a dynamic model for a Canadian 
direct- cycle SCWR for control system studies,” ANS Journal of Nuclear Technology. 
(Accepted on January 12, 2012). 

2. J. K. She and J. Jiang, “Potential improvement of CANDU NPP safety margins by 
shortening the response time of shutdown systems using FPGA based 
implementation,” Nuclear Engineering and Design. (Accepted on January 4, 2012). 

3. L. Z. Xia, J. Jiang, H. Javidnia, and J. C. Luxat, ‘Performance evaluation of a 3-D Kinetic 
model for CANDU reactors in a closed-loop environment, Nuclear Engineering and 
Design, Vol. 243, pp. 76-86, 2012. 

4. J. P. Ma, and J. Jiang, “Detection and Identification of Faults in NPP Instruments Using 
Kernel Principal Component Analysis,” ASME Journal of Engineering for Gas 
Turbines and Power, Volume 134, March 2012. 

5. S. W. Cho and J. Jiang, “Detection and estimation of sensor drifts using Kalman filters 
with a demonstration on a pressurizer,” Nuclear Engineering and Design. (Accepted 
on October 10, 2011). 

6. A. Bari, A. Jaekel, J. Jiang and Y. F. Xu, “Design of Fault Tolerant Wireless Sensor 
Networks Satisfying Survivability and Lifetime Requirements Computer 
Communications,” Journal of computer Communication, (Accepted on October 10, 
2011). 

7. Q. Li, and J. Jiang, "Evaluation of Foundation Fieldbus H1 Networks for Steam 
Generator Level Control," IEEE Transactions on Control Systems Technology, 
Volume 19, No. 5, pp.1047-1058, Sept. 2011. 
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8. M. Akkawi, and J. Jiang, “An Inverse Control-based Set-point Function for Steam 
Generator Level Control in Nuclear Power Plants,” IEEE Trans. on Nuclear Science 
Vol. 58, Iss. 6, pp.3291-3304, Nov. 2011. 

9. M. Bahramali, J. Jiang, and A. Reyhani-Masoleh, "A Fault Detection Scheme for the 
FPGA Implementation of SHA-1 and SHA-512 Round Computations," Journal of 
Electronic Testing: Theory and Applications (Springer), V. 27 Issue 4, pp. 517-530, 
2011. 

10. L. Z. Xia, and J. Jiang, "CANDU Reactor Space-time Kinetic Model for Load Following 
Studies," ASME Journal of Engineering for Gas Turbines and Power, Volume 133, 
Issue 5: Paper number 052915, 9 pages, May 2011.  

11. P. W. Sun, J. Jiang, and J. Shan, “Construction of Dynamic Model of CANDU-SCWR 
using Moving Boundary Method,” Journal of Nuclear Engineering and Design, Vol. 
241, Iss. 5, pp. 1701-1714, May 2011. 

12. J. P. Ma, and J. Jiang, “Applications of Fault Detection and Diagnosis Methods in 
Nuclear Power Plants: A Review,” Progress in Nuclear Energy, 55(3): pp. 255-266, 
Apr. 2011. 

13. J. K. She, and J. Jiang, "The Speed of the Response of an FPGA-based Shutdown 
System for CANDU Nuclear Power Plants," Nuclear Engineering and Design, Vol. 
241, Iss. 6, pp. 2280-2287, June 2011. 

14. Y. Zhang, C. Zhang, and J. Jiang, “Numerical Study on the Turbulent Mixing Coefficient 
for Supercritical Fluids in Subchannels,” ANS Nuclear Technology (accepted on 
March 28, 2011). 

15. Y. Zhang, C. Zhang, and J. Jiang, “Numerical Simulation of Fluid Flow and Heat 
Transfer of Supercritical Fluids in Fuel Bundles,” Journal of Nuclear Science and 
Technology, Vol. 48, No. 6, pp.929-935, 2011. 

16. Y. Zhang, C. Zhang, and J. Jiang, “Numerical Simulation of Heat Transfer of 
Supercritical Fluids in Circular Tubes using Different Turbulence Models,” Journal of 
Nuclear Science and Technology, Vol. 48, No. 3, pp. 366-373, 2011.  

17. Q. Li, J. Jiang, D. J. Rankin, “Evaluation of Delays Induced by Profibus PA Networks,” 
IEEE Transactions on Instrumentation & Measurement, (Accepted on Dec. 31, 
2010). 

18. D. J. Rankin and J. Jiang, “A Hardware-in-the-loop Simulation Platform for Verification 
and Validation of Safety Control Systems," IEEE Transactions on Nuclear Science, 
(Accepted on Dec. 23, 2010). 

19. Y. Zhang, C. Zhang and J. Jiang, 2011, “Numerical Simulation of Heat Transfer of 
Supercritical Fluids in Circular Tubes Using Different Turbulence Models,” Journal of 
Nuclear Science and Technology, Vol. 48, No.3. 2011.  

20. B. Zhang, J.Q. Shan, and J. Jiang, “Numerical Analysis of Supercritical Water Heat 
Transfer in Horizontal Circular Tube,' Progress in Nuclear Energy, Vol .52, pp-678-
684, 2010. 

21. H. M. Hashemian, and J. Jiang, “A Practical Review of Methods for Measuring the 
Dynamic Characteristics of Industrial Pressure Transmitters,” ISA Transactions, 
49(1): pp. 2-9, Jan. 2010. 
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Refereed Conference Papers 

1. D. J. Rankin, K. P. van Hoof and J. Jiang, “Analytically Compensated Physical Model of 
a Steam Generator with Non-minimal Phase Level Dynamics,” Nuclear Plant 
Instrumentation, Control and Human Machine Interface Technologies” conference will be 
held on July 22 - 26, 2012, in San Diego, CA, USA 

2. P. W. Sun, C. Zhang, J. Jiang, “Dynamic Cross-coupling Analysis and Decoupling 
Controller Design for Canadian SCWR,” 3rd China-
Canada Joint Workshop on Supercritical Water-Cooled Reactors (CCSC-2012), Xi’an, 
China, April, 18 – 20, 2012. 

3. B. S. Wang, D. Q. Wang, J. M. Zhang and J. Jiang, “Review of Passive Safety Control 
Systems in NPP,” International Topical Meeting on Nuclear Plant Instrumentation, 
Control and Human Machine Interface Technologies (NPIC&HMIT 2010), Las Vegas, 
Nov. 7 – 11, 2010. 

4. M. Akkawi, and J. Jiang, “An Inverse Control-Based Set-point Function for Reducing 
Water Level Fluctuations in Steam Generators,” International Topical Meeting on 
Nuclear Plant Instrumentation, Control and Human Machine Interface Technologies 
(NPIC&HMIT 2010), Las Vegas, Nov. 7 – 11, 2010. 

5. D. Rankin and J. Jiang, “Effects of the in-the-loop interfaces on hardware-in-the-loop 
simulation of NPP processes,” International Topical Meeting on Nuclear Plant 
Instrumentation, Control and Human Machine Interface Technologies (NPIC&HMIT 
2010), Las Vegas, Nov. 7 – 11, 2010. 

6. S. Cho and J. Jiang, “A Method for Detection of Drifts in Sensors Using Kalman Filter,” 
International Topical Meeting on Nuclear Plant Instrumentation, Control and Human 
Machine Interface Technologies (NPIC&HMIT 2010), Las Vegas, Nov. 7 – 11, 2010. 

7. P. W. Sun and J. Jiang, “Thermal-hydraulic Modeling of CANDU-SCWR and Linear 
Dynamic Model Development,” Proceeding of International Conference on Nuclear 
Engineering (ICONE) 18, May, 17- 21, 2010. 

8. L. Z. Xia and J. Jiang, “CANDU Reactor Space-Time Kinetic Modeling for Load 
Following Control,” Proceeding of International Conference on Nuclear Engineering 
(ICONE) 18, May, 17- 21, 2010. 

9. J. P. Ma and J. Jiang, “Fault Detection and identification in NPP Instrument using Kernel 
Principal Componment Analysis,” Proceeding of International Conference on Nuclear 
Engineering (ICONE) 18, May, 17- 21, 2010. 
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Other Activities 

Dr. Jiang has visited Westinghouse AP-1000 Construction site in China July 2011. He also 
attended an IAEA workshop on Natural Circulation based Safety Systems in Harbin Engineering 
University. 
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Dr. Jiang also taught a UNENE course on “Control, Instrumentation and Electrical Systems” in 
November 2011. 

 

 

 

 

 

 

 

 

 

 

Class picture of UN0601 “Control, Instrumentation and Electrical Systems” taken in December 
2011. 
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Royal Military College of Canada – Brent J. Lewis  IRC 

 

UNENE/NSERC IRC Program:  Nuclear Fuel 
 
 
Overview 
 
Prof. Brent Lewis was appointed the NSERC/UNENE/COG 
Industrial Research Chair (IRC) in Nuclear Fuel in the Department 
of Chemistry and Chemical Engineering at the Royal Military 
College of Canada (RMC) in September 1, 2007.  The main 
objectives of the research chair are to better understand nuclear 
fuel performance during normal and reactor accident conditions, 
including the behaviour of advanced fuel designs.  This initiative 
involves a partnership with the CANDU Owners Group (COG), as 
part of their Safety and Licensing (S&L) research program on 
defective fuel behaviour and fuel chemistry. 
 
Nuclear fuel is at the heart of any improved design for the CANDU 
reactor as a key enabling technology for enhancement of reactor safety, performance and 
economics.  This research is of importance in light of the need for increased generation capacity 
and the realization of next generation reactors. Specific areas of research for this chair are: 
nuclear fuel chemistry; nuclear fuel and fission product release behaviour during normal and 
reactor accident conditions; fuel-failure monitoring techniques; and fuel performance prediction 
to improve operation and safety margins. 
 
 
Program Results/Highlights 
 
The advances in knowledge gained by this research effort over the given period include: 
• Implementation and initial testing of a fuel thermochemistry model in the SOURCE-2 industry 

standard toolset (IST) for fission product release analysis.  An advanced thermochemistry 
solver based on a novel partitioning of the Gibbs Energy was also developed as a standalone 
program.  This solver is capable of handling a large number of chemical species for fission 
product and actinide analysis and includes a numerical checker to provide quality assurance 
of the code calculations.  The thermochemical work has direct benefit for understanding 
alpha exposure from actinide contamination, which can be experienced during commercial 
reactor refurbishment and outages.  The RMC fuel thermochemical model has also been 
benchmarked against other treatments as part of the international “Samantha” (Simulation by 
Advanced Mechanistic And Thermodynamic Approaches to nuclear fuels) network.  

• The current suite of fuel-failure monitoring codes (i.e., Visual_DETECT and STAR) are being 
advanced further for on-line, real-time, monitoring of defective fuel through coolant activity 
analysis with the development of the COLDD (CANDU On-Line Defected fuel Detection) 
software tool.  The fission product release model in the STAR code has also been extended 
for delayed neutron (DN) monitoring applications to help assess ageing and degradation 
issues of the DN counting systems at commercial power stations.  This model has been 
benchmarked against DN count rate data at a commercial reactor, where it has been 
demonstrated that the discrimination ratio can be optimized by selecting channels with the 
same transport time for both the suspect and background signals. 
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• A “chemically-based” Iodine induced stress corrosion cracking (I-SCC) model has been used 
to determine I-SCC mitigation strategies with Canlub additives and pellet-surface oxidation.  
Experimentation is continuing in collaboration with AECL-CRL to test these strategies in out-
reactor laboratory-scale experiments. A fuel thermomechanical model has also been 
developed to account for fuel-pellet “hour glassing” phenomena to better assess sheath 
stress/strain at the pellet edges (with pellet-pellet and pellet-sheath contact) (see Figure 1).  
This thermomechanical model could be eventually coupled with the I-SCC chemical model in 
order to mechanistically model I-SCC phenomena, which is an important consideration with 
the possibility of future reactor load-following operations and the need for extended fuel 
burnups. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
• An out-reactor investigation has been carried out to assess the use of isotopic noble gas tags 

as a means to locate failed-fuel bundles.  This work has determined detection thresholds of 
the gas tag in the primary heat transport system (PHTS) with mass spectrometry using a 
Varian 820 Inductively Coupled Plasma – Mass Spectrometer (ICP-MS).  This technique 
could have possible application for demonstration irradiations with new fuel-bundle designs.   

• With pending environmental and health considerations, a thermochemical analysis has been 
applied to help find candidate materials to replace or minimize the amount of Be used for 
brazing in fuel manufacture.  This collaboration with Cameco Fuel Manufacturing (CFM) 
investigated substitute Al materials and optimization of the brazing process to reduce Be 
volatility. 

• A fuel-oxidation model has been advanced to help in the design of an out-reactor 
instrumented fuel-defect test in collaboration with Atomic Energy of Canada Ltd. (AECL) and 
Stern Laboratories.  This out-reactor experiment will provide information on the degradation 
of the thermal conductivity of oxidized fuel in defective elements at typical CANDU PHTS 
conditions.  This experiment will be used to benchmark and validate the RMC fuel oxidation 
model developed for COG for defective-fuel behaviour analysis. 

• A multi-dimensional, thermomechanical model of a complete fuel bundle has been developed 
under a COMSOL multiphysics platform.  This work is important to account for bundle-aging 
effects and its influence on the sub-channel thermalhydraulics during normal operation as 

Figure 1. Prediction of “pellet hour-glassing” phenomena with a multi-dimensional Comsol Multiphysics 
analysis. 

z 

r 

R
a
d
ia

l 
D

is
p
la

ce
m

e
n
t 

(m
) 

Radial Direction (m) 

A
x
ia

l 
D

ir
e
ct

io
n
 (

m
) 

 
Pellet hour-glassing 
at pellet edge 

Sheath 

Pellet 

 



UNENE ANNUAL REPORT 2011  50 

 

well as bundle sagging/slumping during high temperature accident conditions.  The current 
work has demonstrated that a composite beam approximation can be applied for the sheath, 
fuel pellets and end-plate webbing using a virtual work principle, which takes into 
consideration pellet/sheath interaction phenomena (see Figure 2).   
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Research at RMC has made use of the SLOWPOKE-2 nuclear reactor facility.  Also work has 
involved the use of software for: i) Gibbs-energy minimization with the Facility for the Analysis of 
Chemical Thermodynamics/ ChemApps, and ii) finite element modelling with COMSOL 
Multiphysics and ABAQUS performed on the High Performance Computational Virtual 
Laboratory (HPCVL) at Queen’s University.  
 
 
Research Team/Highly Qualified Personnel 
 
The NSERC/UNENE/COG IRC involved close collaboration with Profs. Emily Corcoran and 
Paul Chan of the RMC in the areas of equilibrium thermochemistry for advanced fuels, fuel 
oxidation and fuel performance modelling for safety margins, studies on CANLUB behaviour for 
prevention of I-SCC phenomenon, and planning of an instrumented (out-reactor) fuel-defect 
experiment at the Stern Laboratories.  Several IRC graduate theses were co-supervised by Dr. 
David Kelly (analytical chemistry/mass spectrometry for the bundle tagging project), Prof. 
Hugues Bonin (actinide-burning and thorium fuel cycle studies), and Prof. Emily Corcoran 
(instrumented fuel defect experiment). Collaboration continued with Emeritus Prof. William 
Thompson on the Be-brazing and SOURCE-2 thermochemistry projects. 
 
From December 2010 to December 2011, the NSERC/UNENE/COG IRC research team was 
comprised of one research associate and two research assistants, as well as nineteen graduate 
students (8 PhD, 11 MASc).  Two PhD students, who graduated in the Spring of 2011, are now 
employed at the AMEC - Nuclear Safety Solutions and Oak Ridge National Laboratory.  Also, 
two M.A.Sc. students graduated in the Fall of 2011, where one is carrying on PhD studies and 

Figure 2. Comparison of model simulation with an out-reactor “clamped-bundle” experiment, 
where a load is applied to an outer fuel element at its mid-axial location.  Agreement with 
experiment is seen when pellet-sheath gripping is ignored in the model (G = 0) as required 
for the out-reactor test simulation. 

Experiment 
Comsol G=0 
Comsol G=0.5 
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the other is a Research Assistant at RMC.  One M.A.Sc. student transferred into a PhD program 
in November 2011 for a project on a combined fuel performance code during normal/transient 
conditions.   
 
Four ongoing PhD projects involve: (i) actinide burning in multi-spectral CANDU reactors, (ii) 
development of an on-line fuel failure monitoring tool, (iii) design of an instrumented out-reactor 
test for defective fuel studies, and (iv) a study on the advanced thorium fuel cycle.  The latter 
three projects are in collaboration with AECL.  Five on-going M.A.Sc. projects involve: (i) fuel 
thermochemistry model for SOURCE-2 (in collaboration with AECL), (ii) modelling of fuel 
deformation using ABAQUS, (iii) delayed-neutron monitoring techniques for defective fuel 
location in CANDU reactors (in collaboration with Candesco), (iv) Be-brazing reduction in 
CANDU fuel manufacturing (in collaboration with CFM), and (v) isotope identification in support 
of non-proliferation treaty monitoring (in collaboration with Health Canada). Two new M.A.Sc. 
students have joined our research group in September 2011 in collaboration with AECL, as 
supervised by Prof. Corcoran, for the manufacturing of thorium ceramic fuel and application of 
nuclear radiochemistry techniques.  Prof. Corcoran is also supervising a PhD project on delayed 
neutron monitoring techniques for actinide identification in collaboration with the Department of 
National Defence (DND).  Prof. Chan joined the RMC nuclear fuel group in November 2010 and 
is supervising one M.A.Sc. project on fuel reliability (in collaboration with Waterloo University), 
and two PhD projects on the feasibility of burnable neutron absorbers in CANDU fuel and 
CANLUB fuel studies for the mitigation of I-SCC phenomena.   
 
Additionally, three other PhD students are supervised by faculty involved with this IRC that are 
funded by NSERC Discovery grants as well as other government departments including DND 
and the Canadian Space Agency. 
 
 
Publications 
 
Published journal papers/book contributions and commercial technical reports from December 
2010 to December 2011 are detailed below: 
 
Journal Papers  
1. B.J. Lewis, W.T. Thompson, M.R. Kleczek, K. Shaheen, M. Juhas and F.C. Iglesias, 

“Modelling of Iodine Induced Stress Corrosion Cracking In Candu Fuel,” J. Nucl. Mater. 408 
(2011) 209-223. 

2. E. C. Corcoran, B. J. Lewis, W. T. Thompson, J. Mouris and Z. He, “Controlled Oxidation 
Experiments of Simulated Irradiated UO2 Fuel in Relation to Thermochemical Modelling, J. 
Nucl. Mater. 414 (2011) 73–82. 

3. G. Bruni, B.J. Lewis and W.T. Thompson, “Framework Model for Hydrogen Redistribution in 
Zircaloy Sheathing,” J. Nucl. Mater. 409 (2011) 33-39. 

4. M.T. Sellers, E.C. Corcoran, D.G. Kelly, “An Automated Delayed Neutron Counting System 
(DNCS) for Mass Determinations of Fissile Isotopes in Special Nuclear Materials”, J. Rad. 
Anal. Chem. doi: 10.1007/s10967-011-1223-7 (2011). 

5. T. Wood, B.J. Lewis, K. McDermott, L.G.I. Bennett, K. Avarmaa, E.C. Corcoran, D. 
Wilkinson, A. Jones, T. Jones, L. Prud'homme-Lalonde, D. Boudreau, J.-F. Gravel, C. 
Drolet, A. Kerr, L.J. Schreiner, M. Pierre, R. Blagoeva and T. Veres, “Use of a Dual-Labelled 
Oligonucleotide as a DNA Dosimeter for Radiological Exposure Detection,” Rad. Prot. Dos.. 
doi:10.1093/rpd/ncq599 (2011). 
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6. W.H. Huang, T.W. Krause and B.J. Lewis, “Ultrasonic Inspection of CANDU Fuel Bundles 
for Identification of Defective Elements,” Nuclear Technology 176 (2011) 452-461, 
December 2011. 

7. M. J. Welland, B. J. Lewis and W. T. Thompson, “Review of high temperature 
thermochemical properties and application in phase-field modelling of incipient melting in 
defective fuel,” J. Nucl. Mater. 412 (2011) 342-349. 

8. M. Takada, T. Nunomiya, T. Ishikura, T. Nakamura, B. Lewis, L.G.I. Bennett, I. Getley and 
B. Bennett, “Measuring Cosmic-Ray Exposure In Aircraft Using Real-Time Personal 
Dosimeters,” Rad. Prot. Dos. doi:10.1093/rpd/ncr221 (2011). 

9. M.H. Piro, T.M. Besmann, S. Simunovic, B.J. Lewis and W.T. Thompson, “Numerical 
Verification of Equilibrium Thermodynamic Computations in Nuclear Fuel Performance 
Codes,” J. Nucl. Mater. 414 (2011) 399–407. 

10. B. J. Lewis, M. B. Smith, H. Ing, H.R. Andrews, R. Machrafi, L. Tomi, T. J. Matthews, L. 
Veloce, V. Shurshakov, I. Tchernykh and N. Khoshooniy, “Review of Bubble Detector 
Response Characteristics and Results from Space”, Rad. Prot. Dos. doi: 
10.1093/rpd/ncr358 (2011). 
 

Submitted Journal Papers 
1. M.B. Smith, Yu. Akatov, H.R. Andrews, V. Arkhangelsky, I.V. Chernykh, H. Ing, N. 

Khoshooniy, B.J. Lewis, R. Machrafi, I. Nikolaev, R.Y. Romanenko, V. Shurshakov, R.B. 
Thirsk, L. Tomi, “Measurements of the neutron dose and energy spectrum on the 
international space station during expeditions ISS-16 to ISS-21,” submitted to Rad. Prot. 
Dos. 

2. Book Chapters for Nuclear Energy Agency: 
 (i) B.J. Lewis and F.C. Iglesias, “UO2 Fuel Oxidation,” submitted August 2011. 
 (ii) F.C. Iglesias and B.J. Lewis, “Zircaloy Oxidation,” submitted August 2011. 
3. M.H.A. Piro, S. Simunvoic, T.M. Besmann, B.J. Lewis and W.T. Thompson, “Computation of 

Thermodynamic Equilibria using the Partitioning of Gibbs Energy Method,” submitted to J. 
Nucl. Mater. 

 
Book Contributions 
1. B.J. Lewis, W.T. Thompson and F.C. Iglesias, Book Chapter “Fission product chemistry in 

oxide fuels” in “Comprehensive Nuclear Materials (Five Volume Set),” Editor-in-Chief, R. 
Konings, Co-editors: T. R. Allen, R.E. Stoller and S. Yamanaka, Elsevier, Print ISBN: 
9780080560274, March 2012.  

2. M.H. Piro, B.J. Lewis and W.T. Thompson, “A Procedure to Compute Equilibrium Gas 
Phase Speciation for use with Predominance Diagrams,” Chapter 22 in Uhlig Corrosion 
Handbook (3rd edition), The Electrochemical Society Series, John Wiley & Sons, New 
Jersey, 2011. 
 

 
Technical Reports Prepared for Industry 
1. B.J. Lewis and F.C. Iglesias, “BRUCE Units 1 and 2: Actinide Assessment,” Candesco 

report, report submitted to Bruce Power, December 2010. 
2. W.T. Thompson, B.J. Lewis, M.H. Piro and E.C. Corcoran, “RMC Fuel Thermochemical 

Treatment,” COG Other Product report, OP-10-2092, March 2011. 
3. K. McDermott, B.J. Lewis and E.C. Corcoran, “A UV Simulator for the DNA-Based 

Dosimeter Development,” Final Project Report for CRTI 06-0186RD (Phase II), March 31, 
2011. 

4. R.E. Henry, B.J. Lewis, R. Shewfelt, N. Todreas and J. Tulenko, “ITP Process to Determine 
the Trip Acceptance Criteria,” Candu Owner’s Group report, May 2011. 
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5. F. Iglesias, M. Kaye and B. Lewis, “Estimate of Instant Release Factions Using ORIGEN-S 
and FEMAXI,” Nuclear Waste Management Organization NWMO TR-2011-19, June 2011. 

6. R.E. Henry, B.J. Lewis, R. Shewfelt, N. Todreas and J. Tulenko, “ITP Assessment of the 
Adequacy, Relevancy and Suitability of All Available Inputs Regarding the CANDU 
Experimental Data for the Trip Acceptance Criteria,” Candu Owner’s Group report COG-11-
2094, July 2011. 

7. R.E. Henry, B.J. Lewis, R. Shewfelt, N. Todreas and J. Tulenko, “ITP Recommendations for 
the CANDU Trip Acceptance Criteria,” Candu Owner’s Group report COG-10-2010, October 
2011. 
 

 
Interaction with Industry, University and Other Organizations 
 
This chair program supplements COG research and development (R&D) activities in nuclear 
fuel technology, which benefit the national laboratory, reactor designer and commercial utilities.  
In particular, the university research contributes directly to the COG fuel-failure monitoring work 
package WP 22303.  
 
The university research involved strong collaboration with AECL–CRL and the Stern 
Laboratories on the following research: (i) fuel thermochemistry model development for the 
SOURCE-2 code, (ii) planning of an out-reactor instrumented fuel defect test and (iii) 
collaboration on fuel deformation modelling.   Also, the university has worked closely with AECL, 
Bruce Power and other commercial utilities on the development of an on-line fuel-failure 
monitoring tool for Nuclear Generating Stations (i.e., employing the Visual DETECT and STAR 
models).  Collaboration with Candesco was also carried out for the development of a fission 
product release model for assessment of the degradation of DN monitors.  Consulting activities 
included: (i) an evaluation of fuel release and actinide fuel chemistry for Bruce Power to better 
understand alpha contamination during reactor refurbishment, (ii) instant release fractions for 
the Nuclear Waste Management Organization (NWMO), and (iii) an Independent Technical 
Panel (ITP) to assess Candu trip acceptance criteria for the nuclear industry (COG) and 
regulator (CNSC).  
 
International collaboration was also carried out with the contribution of a book chapter for 
Elsevier on “Comprehensive Nuclear Materials,” in collaboration with R. Konings of the Institute 
of Transuranium Elements.  Several book chapters on Zircaloy and fuel oxidation phenomena 
were also prepared for the Nuclear Energy Agency/Organisation for Economic Co-operation and 
Development at the request of C. Gueneau of the Commissariat à l'énergie atomique, Saclay. 
 
Dr. Lewis reviewed a number of manuscripts for the Journal of Nuclear Materials, Applied 
Radiation and Isotopes, and Nuclear Engineering and Design.  The Chairholder is also a 
member of the Fuel Normal Operating Committee for the COG R&D Safety and Licensing 
Program.   
 
Awards 
 
Recognition of the research work includes a CNS-Student Award (PhD Category) for A.Quastel. 
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McMaster University – John Luxat  IRC 

– Dave Novog  (Associate IRC) 

 

 UNENE/NSERC IRC Program:  Nuclear Safety Analysis 
 
 
Overview, Scope and Main Objectives 
 
The research focus of the NSERC/UNENE Industrial Research Chair and 
Associate Chair in Nuclear Safety Analysis at McMaster University is 
nuclear safety analysis methods and nuclear safety thermalhydraulics.   
The drivers for this research program are to perform industry relevant 
research, generate top quality graduates for the nuclear industry, and 
provide a resource for government, public and media consultations.  In 
2011, more than in any other period since its inception, the IRC program 
at McMaster has excelled in meeting these demands.  In particular, with 
the mass media attention to the nuclear accident in Japan, both the Chair 
and Associate Chair provided (and continue to provide) timely, topical 
and accurate information to the public, television, radio and print media.  
As a further ramification from the Fukushima accident, the existing 
McMaster strengths in severe accident analyses will be expanded. 
 
The scope of the research covers many disciplines reflecting the multi-
disciplinary nature of nuclear safety analysis and severe accident 
analysis. This requires academic knowledge and skills that can be found 
in the Faculty of Engineering at McMaster University. The Chair program 
enhances and extends this knowledge and skills base while providing an 
active link that supports the Canadian nuclear industry. The Chair 
program 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 
achieved by the IRC and AIRC over the 7  years of the UNENE program at McMaster. 
 
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. Both chairs had a rapid growth of graduate students in Term 1 of 
the program and now have some of the largest research groups within the Faculty of 
Engineering. 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. 
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 program has leveraged these 
successes and expanded research programs through additional funding from industry and other 
granting institutions.  Furthermore, the success of the Chairs has led to expansion in the 
number of faculty in nuclear engineering at McMaster with a new reactor physics professor 
starting in 2009, and a new nuclear engineering senior professor starting in the spring of 2012. 
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The resulting knowledge, skills and innovation are applied to nuclear safety issues of critical 
importance to industry in improving safe operation and competitiveness of nuclear power 
generation, and at examining severe accident behaviour 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 
nuclear safety analysis 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 and helping meet the 
HQP and undergraduate student training requirements for the nuclear energy sector.  An 
additional focus of our work is in the area of international thermalhydraulic benchmarking activity 
that enables Canadian students to get exposure and training on international best practices and 
ensures that the Canadian nuclear industry is represented in these important activities.  
Examples of these activities include OECD-NEA UAM Benchmarks, OECD-NEA BFBT 
Benchmark, OECD_NEW, PSBT Benchmark, OECD-NEA CFD Benchmarks, OECD-NEA Two-
Phase Stability Benchmark, IAEA SCWR Heat Transfer Benchmark and IAEA SCWR 
Thermalhydraulic Stability Benchmarks. 
 
The research objectives of the IRC program are related to: 

- Nuclear safety, plant modeling and uncertainty estimation 

- Severe accident phenomena and mitigation means 

- Thermalhydraulic performance and improved reactor output 

 

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 approved but not 
yet built facilities (such as the CFI-MRI funded Center for Advanced Nuclear Systems).  
Significant collaborations and exchanges have been established within McMaster, with other 
UNENE universities, and with international universities and research establishments as a result 
of this program.  Furthermore, the IRC and AIRC have been, and continue to be, a major source 
of HQP for the industry, as well as providing unique undergraduate training experience through 
summer research internships.  McMaster IRC and AIRC have also been the lead for several 
new major research awards such as Nuclear Ontario and the CFI-MRI funded Center for 
Advanced Nuclear Systems, and have also formed the hub for several other proposals such as 
the NUCLEUS NCE application.  Finally, given the wide ranging implications of Fukushima on 
the nuclear industry, McMaster is working in collaboration with many international researchers 
through faculty and student exchanges such as the Fellowship for Exchange funded by the 
Government of France, exchanges in the area of severe accident analysis with the USA, and 
ongoing exchanges with universities elsewhere in Europe. 

 

Research Facilities and Equipment 
 
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. This research network establishes a research program 
aimed at developing advanced concepts, materials and designs for existing and next generation 
power plants, as well as examining options for the back end of the fuel cycle. This program is 
complementary to UNENE and provides an additional $5M of provincial funding to support 
nuclear research at six universities in Ontario.   In 2008 Dr. Luxat led a regional, multi-university, 
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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 irradiated material handling and testing facilities 
and equipment; a thermal testing laboratory (at McMaster); and a radiation dose laboratory (at 
UOIT). This infrastructure, together with the McMaster Nuclear Reactor and the Canadian 
Center for Electron Microscopy, provides a world class materials and thermal testing center 
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).  Dr. Novog received a $275k CFI - Leaders 
Opportunity Fund grant for a Phase Doppler Anemometer System for thermalhydraulic 
experiments. Finally, in 2008 and 2009 the AIRC received additional funding from AECL for a 
CRD in SCWR analysis methods and from NRCan for a CRD in thermalhydraulic simulations of 
SCWRs totaling approximately $300k.  These funds were also supplemented by recent COG 
and CNSC research awards totaling over $200k.  In 2011 Dr. Novog received a fellowship from 
the French government to work with IPNG-Grenoble on joint research, training and exchange 
programs. 
 
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. 

CLUSTER - A Linux-based high performance computer cluster with 24 AMD Opteron 
processors was acquired for the research group and is located in the Nuclear Research 
Building. The cluster was upgraded in 2010 using funds from the IRC renewal with the 
addition of two new nodes, each containing 32 processors, to yield a cluster with a total 
of 88 processors, 144 GB of memory and 2.18 TB of disk storage. 

WORKSTATION - Six analysis stations (purchased with NRCan and ORF-RE funding) 
add an addition 32 processors with high end memory are available for CFD and safety 
analysis computing. 

A key component of the IRC/AIRC research is in the area of computational tools, model 
development and validation.  Through license agreements with AECL 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.   In July 2011 collaboration with an 
Israeli institute was initiated through the sabbatical visit of a CFD expert who is working on two-
phase choking phenomena in horizontal geometries and participation in the OECD-NEA CFD 
benchmarks. 
 
As a new development, the recent agreements between COG and RSICC code databank. This 
includes the SCALE reactor physics package where 3 students are involved in using the tools 
for propagating nuclear data uncertainties to the few group collapsed cross sections.  This 
includes work using TSUNAMI, NEWT, XSDRN 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.  The 
exploration of the possibility of using these advanced reactor analysis tools to Canadian 
technologies is a valuable contribution to the Canadian safety analysis technology development. 
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On the experimental side several experiments were either initiated or completed in the last two 
years.  A high pressure CHF and PDO facility was completed and tests performed under steady 
state conditions, future tests will include the study of the fundamental mechanisms in transient 
depressurization events.  A PhD was also completed on high temperature quench behaviour in 
cylindrical geometries and several publications generated in collaboration with the Department 
of Mechanical Engineering.  Another CHF facility has been installed for low pressure CHF on 
downward facing surfaces to study the behaviour under these configurations.  Two new loops 
are planned or  under construction to a) examine geometrical effects on two-phase subchannel 
mixing  and b) examine the fundamental behaviour of liquid-liquid and solid-liquid high 
temperature heat transfer and momentum transfer and potential energetic behaviour prior to 
steam explosion ignition.  A new ultra high speed video camera will be purchased using CFI 
funds for these new loops, as well as a time-resolved PIV laser system (through joint funding 
between the IRC and the provincially funded Nuclear Ontario).  One student will undertake a 6 
month research exchange in CEA’s Cadarache Research Centre to undertake experimental and 
modelling work on gamma flux distributions in the Jules Horowitz Reactor.   
 
Finally, in 2011 one of our PHD graduates was recognized for his outstanding research on 
uncertainty in reactor physics calculations and received the Thode Postdoctoral Fellowship.  His 
work, involving uncertainty propagation allows the simultaneous examination of uncertainties on 
feedback mechanisms (including CVR), fuel composition (i.e., burn-up uncertainties), and initial 
fuel conditions (IFC – i.e., small changes in fuel lattice geometry).  This work was performed as 
part of the OECD-NEA international benchmark activities entitled Uncertainty Analysis in 
Modelling and his work was also nominated for best PhD Thesis in 2011.  In addition, the 
following work was recognized: 
 

 a PHD student received the CNS Graduate Student Scholarship (2011),  

 CNS Best Masters Paper Award (2011) 

 2 students won the Hamilton Utilities Award (2011),  

 UNENE Workshop best poster award (2011), 

 UNENE Workshop runner-up poster award (2010), 

 CNS Best PhD Award (2010) 

 

 

Research Program 
 
The research program at McMaster continues to be very strong and covers a large number a 
projects.  These projects are divided into the following R&D Areas: 
 
Uncertainty Analysis 

 Developing and Supporting EVS Applications 

 Uncertainty propagation in reactor physics simulations 

 Best estimate and uncertainty analysis of SB LOCA 

 Dynamic sensitivity and uncertainty analysis of fuel transients in accidents 

 EVS applied to Loss of Flow events 

 Application of New Software Tools to LBLOCA – RELAP BEAU Analysis of a 900 MW 

LBLOCA. 
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Fuel and Fuel Channel Integrity 

 Modeling CHF on CT following PT contact 

 Multiphysics investigation of PT hotspot due to  localized fuel element-PT contact 

 Modeling transient contact conductance following PT ballooning 

 Experimental investigation of quench heat transfer on hot cylinders: Fundamental 

experimental and visualization studies of heat transfer to cold water impinging on high 

temperature metal surfaces 

 IBIF mechanistic modeling using GOTHIC 

 CHF measurements in medium pressure water 

 Mechanistic modelling of pool boiling CHF on calandria tube surfaces following PT/CT 

contact 

 

Severe Accident Analysis and In vessel Retention 

 Mechanistic model of fuel channel disassembly.  

 Experimental investigation of CHF limits on downward facing surfaces 

 Calandria In-Vessel Retention 

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

 Validation of the QUENCH Experiments Suing RELAP. 

 

 

Computational and Tool Development, Testing and Validation 

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

2. CFD analysis of CT thermalhydraulics following PT contact in LOCA 

3. Modeling multiple parallel channel two-phase natural circulation in CANDU 

4. Trip parameter maps for the McMaster Nuclear Reactor 

5. MCNP analysis of the MNR Core: Measurement and computation of gamma ray fluxes 

in the McMaster Nuclear Reactor and Jules Horowitz Reactor (Cadarache). 

6. OECD-NEA Benchmarks on PWR and BWR Bundle Thermalhydraulics 

7. Application of TRACE systems code to CANDU RD-14m Modelling 

8. Application of the COBRA-TF Subchannel Code to CANDU 

9. Coupled CFD and system thermalhydraulics for header modelling 

 
CANDU Applications and Advanced Reactor Methodologies1 

 Reactor physics of actinide burning in CANDU 

 SERPENT Monte-Carlo Analysis of the SCWR Fuel Design 

 Space-time kinetics of actinide burning CANDU 

 Analysis of lattice cell physics with fuel recycling 

 Analysis of blowdown following a LOCA in Gen IV supercritical reactor 

 Systems analysis of advanced CANDU fuel cycles 

 SCWR Heat Transfer Modeling 

                                                
1
 Funded obtained from outside of UNENE.  However, the HQP generated from this leveraged research 

are educated in modern safety analysis tools and methodologies and hence are of direct interest to the 
nuclear industry. 
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 Use of PSA Tools to Assess the Pre-Conceptual SCWR Design 

 Analysis of power maneuvering capability of thorium fuelled CANDU reactors 

 
 
Training and Enrolment 
 
The IRCs at McMaster have been extremely successful.  A total of 14 Masters students have 
graduated from the program over Terms 1 and 2 with three more thesis defences pending.  Two 
PhD student has graduated and 3 more are scheduled for completion in 2012.  Currently there 
are 17 Masters and 10 PhD students enrolled in the nuclear program and supervised by Dr. 
Luxat and Dr. Novog.  Approximately 7 students are employed at AMEC-NSS, 2 at CANDU 
Energy, 1 at CRL, 6 at Bruce Power and 2 at OPG. 
 
There have been 24 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 2010-2011 
 
Submitted, Accepted or Published in Journals 

1. J. Luxat, “Fukushima: The Impact on Nuclear Power”, Physics in Canada, Vol. 64, No. 4, 
Oct-Dec 2011. 

2. L. Xia, J. Jiang, H. Javidnia and J.C. Luxat, “Performance evaluation of a 3-D kinetic 
model for CANDU reactors in a closed-loop environment”, Nuclear Engineering and 
Design, (243) February 2012. 

3. J. Luxat and D.R. Novog, “A Generalized Failure Map for Fuel Elements Subjected to a 
Power Pulse”, Nuclear Engineering and Design, (241) March 2011. 

4. M. Ball, D.R. Novog, “Statistical Propagation Method for Determining the Few Group 
Self-shielded Cross Sections Using DRAGON”, Submitted to Nuclear Science and 
Engineering, 2012. 

5. Morealle, W. Garland, And D.R. Novog, “The Reactor Physics Characteristics of a 
Transuranic Mixed Oxide Fuel in a Heavy Water Moderated Reactor”, Nuclear 
Engineering and Design, 2011. 

6. K. Leung, A. Petruzzi,, D.R. Novog, F. D’Auria, “RELAP5-3D Analysis Of The BFBT 
Benchmark” In Press, Nuclear Engineering And Design, 2011. 

7. Morreale, D.R. Novog, J.C. Luxat, “A Strategy for Intensive Production of Molybenum-99 
Isotopes for Nuclear Medicine Using CANDU Reactors”,  Applied Radiation and 
Isotopes, 2011. 

8. Behdadi and J.C.Luxat, “Mechanistic Modeling Of Critical Heat Flux On A CANDU 
Calandria Tube Following Pressure Tube Contact”,  submitted to Nuclear Technology, 
2012. 

9. K. Leung, D.R. Novog, and Y. Rao “Prediction Accuracy of the Critical Power in a BWR 
Fuel Array Using a Subchannel Thermalhydraulics Code”, to be submitted to Nuc. Eng. 
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and Design, 2011. 
10. M. Ball, and D.R. Novog, “Impact of Nuclear Cross Section Uncertainties on the Reactor 

Physics Calculations of a CANDU Lattice Cell”, Submitted to Nuclear Engineering and 
Design, 2011. 

11. M. Ball, C. Parisi, D.R. Novog and F. D’Auria, “Statistical Propagation Method for 
Determining the Few Group Self-shielded Cross Sections Including Covariance in Input 
Data”, to be submitted to Science and Technology of Nuclear Installations special edition 
on the Uncertainty in Analysis Modelling (UAM) OECD-NEA Benchmark. 

12. J. Spencer and D.R. Novog, “Uncertainty Analysis of the Important Features in the 
QUENCH Experimental Program Using RELAP-SCDAP and Statistical Propagation”, 
Submitted to Science and Technology of Nuclear Installations, 2011. 

13. K. Leung and D.R. Novog, “Comparison of Subchannel Void Fraction and Critical Heat 
Flux Predictions to the PSBT Benchmark Experimental Data”, to be submitted to the 
special issue of Science and Technology of Nuclear Installations: PWR OECD-NEA 
Benchmark Results, 2012. 

14. K. Leung and D.R. Novog, “Subchannel Void Fraction and Dryout Power Predictions for 
the Fine Mesh Boiling Water Reactor Experiments Using the ASSERT Subchannel 
Code”, to be submitted to Annals of Nuclear Engineering, 2012. 

15. Muhana, D.R. Novog, “Validation of FLUENT for Flow Predictions in a Scaled CANDU 
Inlet Header”, Submitted to Annals of Nuclear Engineering, 2011. 

16. M. Ball, C. Parisi, D.R. Novog and F. D’Auria, Statistical Propagation Method for 
Determining the Few Group Self-shielded Cross Sections Including Covariance in Input 
Data, in preparation for Nuclear Sci. and Eng., 2010. 

 
 
Referred Conference Proceedings 

1. D.R. Novog and C. Frepolli, “Heirarcy of Uncertainties and their Role in Uncertainty 
Propagation in Safety Analysis”, Accepted for Publication in the Proceedings of the 
Canadian Nuclear Society, 2012. 

2. D. Hummel and D.R. Novog, “Optimization of the 78-element Nuclear Fuel Bundle 
Design for the Thorium Based Canadian Supercritical Water Cooled Reactor”, Accepted 
for publication in International China-Canada Supercritical Water Reactor Workshop, 
2012. 

3. M. Scriven, J.C. Luxat and D.R. Novog, “Effect of Reactor Physics Modeling 
Assumptions on SCWR Physics Characteristics”, Accepted for publication in 
International China-Canada Supercritical Water Reactor Workshop, 2012. 

4. D.R. Novog, M. Yetiser, and G. McGee, “Safety System Concepts for the Canadian 
Supercritical Water Cooled Design”, Accepted for publication in International China-
Canada Supercritical Water Reactor Workshop, 2012. 

5. S. Langton, A. Buijs, D.R. Novog, “Reactor Physics Calculations of the Main Physics 
Parameters for a Thorium Fuelled SCWR”, Accepted for publication in International 
China-Canada Supercritical Water Reactor Workshop, 2012. 

6. Wassyng, A., Lawford, M., Maibaum, T., Luxat, J.: Separation of control and safety 
systems In: S. Fischmeister, L.T. Phan (eds.) APRES’11: Adaptive and Reconfigurable 
Embedded Systems, pp. 11–14. Chicago, IL (2011) 

7. A.C. Morreale , D.R.Novog and J.C.Luxat,”Transuranic Mixed Oxide Fuel Use in 
CANDU”,Proc.  Int. Conf. Future of Heavy Water Reactors, Ottawa, Ontario, Oct 2-5, 
2011. 
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8. A. Behdadi and J.C.Luxat, Mechanistic Modeling Of Critical Heat Flux On A CANDU 
Calandria Tube Following Pressure Tube Contact, Proc. NURETH-14, Toronto, Sep. 25-
29 2011. 

9. F. Talebi And J.C. Luxat, Mechanistic Modeling Of Bearing Pad To Pressure Tube 
Contact Under Localized High Temperature Conditions In A CANDU Fuel Channel, 
Proc. NURETH-14, Toronto, Sep. 25-29 2011. 

10. K. Takrouri, J.C. Luxat and M. Hamed, Experimental Investigation Of Quench 
Phenomena And Two-Phase Flow Behavior For Hot Horizontal Tubes Well Above The 
Limiting Temperature For Solid–Liquid Contact, Proc. NURETH-14, Toronto, Sep. 25-29 
2011. 

11. K. Takrouri, J.C. Luxat and M. Hamed, “Experimental Investigation of Rewetting of  Hot 
Horizontal Tubes”, Proc. 8th International Conference on Heat Transfer, Fluid Mechanics 
and Thermodynamics (HEFAT2011), Point Aux Piments, Mauritius, July 11-13 2011 

12. M. Mahlik, I. Ituen, J. Luxat and D.R. Novog, “Safety Study of High Efficiency Fuel 
Channel for SCWR Reactor Designs”, Trans. ANS Annual Summer Meeting, June, 
2011. 

13. Y. Friedlander, J. Luxat, B. Hyland, G. Edwards , “Natural Uranium Savings from 
Equilibrium Thorium Fuel Cycles in CANDU Reactors”, Proc. GLOBAL 2011, Nagoya, 
Japan, December  4-9, 2011. 

14. J. Spencer, D.R. Novog, J. Hohorst, C. Allison, “Assessment of New Modeling in 
RELAP/SCDAPSIM Using Experimental Results from the Quench Program”, Proc. 
International Conference on Advances in Nuclear Power Plants (ICAPP), Nice, 2011. 

15. A. Morealle, D.R. Novog and J.C. Luxat, “Design Of A CANDU Bundle For Production Of 
The Medical Isotope Molybdenum-99”, Proc. Canadian Nuclear Society Annual Meeting, 
Niagara Falls, 2011 

16. Y. Friedlander, J. Luxat, B. Hyland, “Scoping Study of a Thorium Reactor Driven by 
CANDU-Derived Plutonium”, Canadian Nuclear Society Annual Meeting, Niagara Falls, 
June 2011. 

17. A. Morreale, M. Ball, D.R. Novog, And J.C. Luxat “The Effects Of Actinide Based Fuels 
On Incremental Cross Sections In A CANDU Reactor”, Proc. International Conference 
On Mathematics And Computational Methods Applied To Nuclear Science And 
Engineering (M&C 2011), Rio, 2011 

18. M. Ball, A. Morreale, D.R. Novog, And J.C. Luxat,  “The Effect On Super-Cell 
Calculations Due To Modeling CANDU Fuel Pin Clusters As Annuli”, Proc. International 
Conference On Mathematics And Computational Methods Applied To Nuclear Science 
And Engineering (M&C 2011), Rio, 2011. 

19. I. Ituen And D.R. Novog, “Analysing Supercritical Water Reactor’s (Scwr’s) Special 
Safety Systems Using Probabilistic Tools”, Proc. Of the International Symposium on 
Supercritical Water Reactors - 5, 2011, Vancouver.* 

20. I. Ituen and D.R. Novog, “Assessing The Applicability Of Canadian Regulations To The 
Supercritical Water Reactor”, Proc. Of the International Symposium on Supercritical 
Water Reactors - 5, 2011, Vancouver.* 

21. M. McDonald and D.R. Novog, “Power And Fuel Response To Reactivity Induced 
Transients In A CANDU-SCWR Design”, Proc. Of the International Symposium on 
Supercritical Water Reactors - 5, 2011, Vancouver.* 

22. Leung, K.H., Langton, S.E., Novog, D.R., “Modelling Of Flow Instabilities Under 
Supercritical Conditions”, Procs. Of the International Symposium on Supercritical Water 
Reactors - 5, 2011, Vancouver.* 

23. K. Heckman, D. R. Novog, “Preliminary Stability Maps Created Using CATHENA For 
The IAEA Benchmark Exercise On Heated Channels With Supercritical Fluids Proc. of 
the International Symposium on Supercritical Water Reactors - 5, 2011, Vancouver.* 
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Other Reports and Publications 

1. K. Leung, D.R. Novog, Y. Rao, “Prediction of Void Distribution in a PWR Channel using 
an Advanced Subchannel Code”, Proc. of the 2nd Workshop on The OECD-Nuclear 
Energy Agency on the PWR PSBT Benchmark, Stockholm, 2011. 

2. Y. Rao, K. Leung, M. Krause, D.R. Novog, “Recent Advancements in the ASSERT code 
for Prediction of Void Distribution in a PWR Channel”, Proc. of the 2nd Workshop on The 
OECD-Nuclear Energy Agency on the PWR PSBT Benchmark, Stockholm, 2011. 

3. J. Luxat, D. Novog, G. Botton, V. Walker, S. Shaw, G. Pierce, W. Granger and M. Wade, 
“Development and Design Considerations for a Suite of New Post Irradiation 
Examination Hot Cells to be Constructed at McMaster University”, Proc. Joint IAEA 
Technical Meeting on Hot Cell Post-Irradiation Examination and Pool-Side Inspection of 
Nuclear Fuel and HOTLAB Europe 2011, Smolenice, Slovakia, 23–27 May 2011. 

4. M. Ball, C. Parisi, D.R. Novog and F. D’Auria, “Statistical Propagation Method for 
Determining the Few Group Self-shielded Cross Sections Including Covariance in Input 
Data in DRAGON”, Proc. of the V Workshop on the IAEA Uncertainty Analysis Methods 
Benchmark, Stockholm, 2011. 

5. M. Ball, C. Parisi, D.R. Novog and F. D’Auria, “Statistical Propagation Method for 
Determining the Few Group Self-shielded Cross Sections Including Covariance in Input 
Data”, Proc. of the IV Workshop on the IAEA Uncertainty Analysis Methods Benchmark, 
Pisa, 2010. 

6. K. Leung, D.R. Novog, Y. Rao, “Prediction of Void Distribution in a PWR Channel using 
an Advanced Subchannel Code”, Proc. of the 2nd Workshop on The OECD-Nuclear 
Energy Agency on the PWR PSBT Benchmark, Stockholm, 2011. 

7. Y. Rao, K. Leung, M. Krause, D.R. Novog, “Recent Advancements in the ASSERT code 
for Prediction of Void Distribution in a PWR Channel”, Proc. of the 2nd Workshop on The 
OECD-Nuclear Energy Agency on the PWR PSBT Benchmark, Stockholm, 2011. 

8. K. Leung, D.R. Novog, “Prediction of Void Distribution in a PWR Channel using an 
Advanced Subchannel Code”, Proc. of the 1st Workshop on The OECD-Nuclear Energy 
Agency on the PWR PSBT Benchmark, Pisa, 2010. 

9. F. Fiori, A. Petruzi, D.R. Novog, “RELAP5/Mod3.3 and TRACE5.0 predictions of heat 
transfer and stability for supercritical water flow in heated pipe”, Proc. of the 1st IAEA 
Workshop on SCWR Thermalhydraulics, Pisa, 2010.* 
 

* indicates work funded outside of UNENE. 

Books 
1. JianTao Jiang and John C. Luxat, “Modeling Film Boiling and Quenching”, Lambert 

Academic Publishing, November 2011 (published thesis of a UNENE funded student) 
 

Interactions and Consultations 

A large number or private and public consultations were performed by the IRC and AIRC during 
this 2 year period ranging from technical consulting to interviews with major media outlets 
regarding the Fukushima accident.  A summary of these interactions are: 
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J.C. Luxat 

 Independent Expert Reviewer: 

 Containment Scaling Approach to Multi-Unit Accident Simulation using MAAP-

CANDU – AMEC NSS (2011). 

 Severe Accident Analysis Consequence Assessment supporting Containment 

Event Tree Quantification for Level 2 Probabilistic Risk Assessment of Bruce 

A&B – AMEC NSS/Bruce Power. (2011). 

 Level 3 Probabilistic Assessment of Darlington NGS – AMEC NSS/OPG. (2011). 

 Severe Accident Analysis Consequence Assessment supporting Containment 

Event Tree Quantification for Level 2 Probabilistic Assessment of Darlington 

NGS – AMEC NSS/OPG. (2010). 

 

 Member, Executive Committee, American Nuclear Society Thermal Hydraulics Division, 

2009-2012. 

 Member, AECL Board of Directors, 2008 - present 

 Member, Science, Technology and Nuclear Oversight Committee of the Board of 

Directors, Atomic Energy of Canada, Ltd., 2008 - 2011 

 General Conference Chair & Chair of Organizing Committee, 14th International 

Conference on Nuclear Reactor Thermalhydraulics (NURETH-14), Toronto, Ontario, 

Sept 26-29, 2011/ 

 Expert consultant CBC television and radio, PEO, COG, CBC News, CBC Radio, CTV 

News, CHCH news, Weather Channel,  Toronto Star, Globe and Mail, National Post and 

many national and international (UK, Australia and New Zealand) news agency outlets 

on Fukushima accident and consequences  

 Invitee, Special COG Meeting on Long Term Implications of Fukushima, COG Offices, 

Toronto, May 5, 2011 

 Public presentations “Fukushima Daiichi: A Technical Assessment of the Events and 

Radiological Consequences”: 

 Faculties of Engineering and Science, McMaster University, April 8, 2011 
 Faculties of Engineering and Science, Ryerson University, Toronto, April 28, 

2011. 
 COG Expert Panel on Fukushima Follow-up, Toronto, May 5, 2011. 

 Natural Sciences and Engineering Council (NSERC), Ottawa, May 9, 2011.   

 Canadian Society of Civil Engineers & PEO, Hamilton-Burlington-Niagara 

Sections, Burlington, ON May 16 2011. 

SNC Lavalin Nuclear, Oakville, ON June 6 2011. 

 Canadian Society of Civil Engineers, Durham-Northumberland Section, Oshawa, 

June 8 2011 

 PEO West Toronto Chapter, Toronto, Ontario, August 3, 2011 

 Canadian Nuclear Society-Chalk River Branch & PEO Algonquin Chapter, Deep 

River, Ontario, August 25, 2011 

 Canadian Nuclear Safety Commission, Ottawa, Ontario, August 26, 2011 

 PEO East Toronto Chapter, Toronto, Ontario, November 9, 2011 
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 Colloquium,  Department of Physics, Queen’s University, Kingston, Ontario, 

December 9, 2011 

 Member (Advisory), COG Safety & Licensing Technical Committee 

 “Nuclear Reactor Kinetics and Control”, Invited Lectures, ZED 2 Summer & Winter 

Schools, Atomic Energy of Canada Limited, Chalk River, Ontario, August 25, 2011 & 

December 8, 2011 

 

 

D.R. Novog 

 IAEA consultant – ICTP Training Course, Trieste Italy, 2011. 

 Special Editor – Science and Technology of Nuclear Installations – BWR Benchmark 

Exercise, 2011-2012. 

 IAEA Collaborative Research Project on Heat Transfer(2011-2013) 

 Member, Technical Program Committee, 14th International Topical Meeting on Nuclear 

Reactor Thermal Hydraulics (NURETH 14), Toronto, Sep. 25-29, 2011 

 Expert consultant CBC Radio, Discovery Network, Toronto Star, Globe and Mail, 

National Post on the Fukushima accident and consequences, 2011 

 Special lectures on Fukushima for learned societies, CNS, ASM, PEO. 

 CNS-2011 – Opening Keynote Address on Fukushima, Niagara Falls, 2011. 

 Technical Program Committee Co-Chair, CNS 2011 

 Organizer – IAEA-McMaster Course on Advanced Reactor Safety and Technology: 

SCWR, 2012. 
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University of Toronto – Roger C. Newman  IRC 

 

UNENE/NSERC IRC Program:  Corrosion Control and Materials 

Performance in Nuclear Power Systems 
 
 
Overview 

This IRC program is in its second 5-year term, which began in 
June 2009. The research focuses on mechanisms, prediction and 
control of metallic corrosion, with ancillary activities such as 
electrodeposition, studies of hydrogen in pressure tube 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, Queens, Waterloo), as well as internationally 
(Johns Hopkins, Manchester, Arizona State, etc.). 
 
The IRC research takes place alongside a large activity in corrosion aspects of nuclear waste 
management, funded from several countries. 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. 
 
2011 was a year of consolidation, with a number of continuing PhD projects and completion of 
several MASc  theses.  A large amount of publishable material remains to be submitted, and 
this is a priority for 2012.  
 
 
2011 Highlights 
 
Jagan Ulaganathan has built up a solid expertise in the application of electron backscattered 
diffraction (EBSD) to stress corrosion cracking (SCC). Using brass as a model material 
(collaboration – Queens), alongside stainless steel and Alloy 600 (collaboration – UWO), he has 
delved into the relationship between realistic local plasticity and the continuum models that are 
available to describe the effect of prior cold work on crack propagation. He has been able, 
possibly for the first time, to measure local strains before cold work, after cold work, and after 
subsequent SCC, all on the same microscopic area of the metal’s microstructure.  He finds a 
non-trivial relationship between cold work and cracking, and critical tests remain to be done, but 
the main controlling factors (grain boundary character, local dislocation density, Schmid factor) 
are being teased out. In tensile testing the surface granular relief due to plastic deformation is 
being modeled (collaboration – Queens). The figure shows how he is able to measure local  
misorientation (greenish colour, related to local dislocation density) on the same area before 
and after deformation, and after SCC. White areas are unindexed crystallographically. The 
numbers refer to cracks. 
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Dorota Artymowicz, in a collaboration with Arizona State University (Karl Sieradzki) has been 
addressing the effect of local atomic arrangement on alloy corrosion. Whilst we often model 
alloys as random assemblages of different atoms, in reality there is some degree of clustering of 
like-with-like, or like-with-
the criteria for selective corrosion of a more reactive type of atom. The two following figures 
show how the atomic arrangements change as the order parameter changes, and how the site 
percolation threshold in the lattice is lowered for the case of like-with-like clustering. This can 
lead to more facile selective dissolution of a more reactive type of atom. 
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Examples of atomic arrangements on a (110) plane in a BCC lattice for different values 

of ordering parameter .  Alloy composition is 40% blue and temperature is 300 K.  E 
values are -0.01 eV, 0 eV and +0.01 eV  for  clustered, random and partially ordered  
alloys respectively. 
 
 

 

 
3D site percolation threshold as a function of parameter E and temperature.  As E 
approaches 0 and/or temperature increases the alloy evolves towards a random 
solution.  
 
 

 

E = -0.01 eV 

 = 0.64 

E = 0 eV 

 = 0 

E = 0.01 eV 

 = -0.55 
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This fundamental research is complemented by studies of specific industry issues. For the most 
part these were a continuation of work reported for 2010:  
 

 Weld-metal dilution in Alloy 600-carbon steel joints, leading to superior performance in 
reducing hot-water environments due to higher than normal iron content in the weld root. 

 Electrochemical monitoring in high-density concrete simulating that used in dry storage 
containers for used nuclear fuel. 
 

 
The Research Group and its Facilities 
 
As of December 2011, the group consisted of 5 PhD students, 2 MASc students, one Research 
Assistant and 3 Research Associates. About 2/3 of this effort is supported by the IRC program. 
Lab facilities include comprehensive equipment for electrochemistry, an atomic force 
microscope, and autoclaves for electrochemical corrosion and SCC studies, as well as small-
scale metal working equipment and optical microscopy. Advanced surface analysis and routine 
electron microscopy are available in the same building, with complementary facilities in the 
Chemistry and Geology departments. Advanced analytical electron microscopy is done in 
collaboration with the National Centre at McMaster University. Synchrotron radiation studies are 
also under way. 
No PhD students graduated in 2011; 3 Masters students graduated, 2 of whom went on to PhD 
study. The third is moving to the UK. One jointly supervised PhD student registered at Imperial 
College submitted her thesis and is working at the OECD in Paris, on nuclear matters. 
 
 
Specific Industry Interactions 
 
There is continuing consulting assistance to OPG in the area of electrochemical monitoring in 
reinforced concrete. This included a visit to a supplier in Oxford, UK. 
In September 2011, the Department of Chemical Engineering and Applied Chemistry hosted a 
conference on Alloy 800 chaired by Roger Staehle (Staehle Consulting), with representation 
from major nuclear corrosion specialists worldwide. The proceedings are available as a cd, with 
some restrictions. 
The group’s ongoing work in the nuclear waste area is being used in decision making by the 
relevant entities worldwide (Canada, Switzerland, Sweden). 
Research or consulting work is also under way for the oil and gas industry (BP, COHA) and 
aerospace (Pratt and Whitney Canada). 
 
 
Public Output 
 
Roger Newman gave invited talks at the QMN-2 conference in Sun Valley, Idaho, and at the 
Alloy 800 workshop in Toronto. He also spoke at Johns Hopkins University, Department of 
Materials Science and Engineering. One talk was given at the Electrochemical Society Fall 
meeting in Boston. Dr. Artymowicz spoke at the 5th International Symposium on Supercritical 
Water Reactors in Vancouver (March 2011) and participated in the national Gen IV workshop in 
Ottawa in October. Two posters were presented at the CNS student conference in Niagara 
Falls. 
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The following papers and reports were published or accepted in 2011 –  
 
Anatolie G. Carcea, Eric Yip, David D. He and Roger C. Newman, Anodic kinetics of NiCr[Mo] 
alloys during localized corrosion: I   Diffusion-controlled dissolution, J. Electrochem Soc., 158, 
C215-C220 (2011). 
 
Jaganathan Ulaganathan, Nicholas Senior and Roger C Newman, Improvement of passivity of 
Fe – xCr Alloys (x < 10%) by cycling through the reactivation potential, J. Appl. Electrochem., 
published online, April 2011. 
 
Jing Chao, Marina L. Suominen Fuller, N. Stewart McIntyre, Anatolie G. Carcea, Roger C. 
Newman, Martin Kunz and Nobumichi Tamura, The study of stress application and corrosion 
cracking on Alloy 600 C-ring samples by polychromatic X-ray microdiffraction, Acta Materialia, in 
press (2011). 
 
R.C. Newman and 13 others, Report of the Committee on Research Opportunities in Corrosion 
Science and Engineering, National Academies Press, Washington DC, 2011. 
 
D.M. Artymowicz, C. Andrei, J. Huang, J. Miles, W. Cook, G.A. Botton and R.C. Newman, 
Oxidation mechanisms and nanoscale oxidation mechanisms in model binary and ternary alloys 
exposed to SCW, Proceedings of 5th International Symposium on Supercritical Water Cooled 
Reactors, (Vancouver, 2011). 
 
P. Nadarajah and R.C Newman, Chemistry of high density slag concrete and corrosion 
resistance of embedded steels, Proc. CNS Annual Student Conference, Niagara Falls, 2011. 
 
S.Y. Persaud, R.C. Newman, and S. Ramamurthy, Indications of SCC resistance in an Alloy 82 
dissimilar metal weld in a simulated primary water environment, Proc. CNS Annual Student 
Conference, Niagara Falls, 2011. 
 
Dorota Artymowicz, Zoe Coull, Mariusz Bryk and Roger Newman, Distribution of the retained 
less-noble element in dealloyed materials, Modeling of Corrosion, Electrochemical Society 
Transactions, in press (2011).  
 
R.C. Newman and S. Wang, Feasibility Study of Hydrogen Monitoring During Anaerobic 
Corrosion of Carbon Steel in Grouts, NAGRA (nuclear waste co-operative, Switzerland), Report, 
2011. 
 
R.C. Newman, S. Wang and G. Kwong, Anaerobic Corrosion Studies of Carbon Steel Used 
Fuel Containers, NWMO Report TR-2010-07 (2011). 
 
J. D. Erlebacher, K. Sieradzki and R.C. Newman, Fundamentals of nanoporosity evolution 
during dealloying, in Nanoporous Metals, ed. A. Wittstock, RSC, in press. 
 
Roger Newman visited Dusseldorf for the third time as a member of the Scientific Advisory 
Board of the Max Planck Institute for Iron and Steel Research. 
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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.  
The program is focused on: 
 

1. Developing advanced probabilistic models for risk analysis 

 Developing risk-informed standards and models for life 
cycle management 

 Solving a variety of practical problems related to risk 
assessment of nuclear plant systems 
  

2. Supplying HQP to the industry  

 Graduate Students (PhD, MASc), Post-Doctoral Fellows (PDF) 

 Education and training of plant engineers (Undergraduates) 
 

The key research areas are reliability analysis, statistical estimation, degradation modeling, 
maintenance optimization and generation risk assessment. Practical applications of the basic 
research include fuel channels, feeders, steam generators and other components of the heat 
transport system. These applications have begun to yield considerable benefits to the operation 
and maintenance of nuclear power plants.  
 
 
Research Program and Outcomes 
 
A number of research projects have been completed to support industry’s needs in risk 
assessment and life cycle management areas. Some of the key projects completed in 2011 are 
summarized below. 
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Risk-Informed End of Life Assessment of Feeder Piping System 

 

                    
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: A detailed, risk-informed assessment of bend and weld thinning of feeders 

 
 
Flow accelerated corrosion (FAC) is a serious form of degradation affecting the CANDU feeder 
system. Current assessment method uses very limited portion of data collected through the 
inspection of a feeder, such as only the minimum thickness of the feeder bend. A new 
methodology has been developed that utilizes entire scan of the bend wall thickness data and 
provides a risk-informed estimate of the FAC rate and the end-of-life of the feeder (see Figure 
1). This method has been successfully applied to optimize feeder replacement plans for a 
station. The new method provides a robust estimate of FAC wear rate by accounting for 
uncertainties associated with the ultrasonic inspection data. This method aims to determine the 
feeder end of life with minimal conservatism and high confidence, which is critical to effective 
management of aging feeder system.  
 

Risk-Informed Prioritization of Refurbishment Project Portfolio  

 

Large engineering projects, such as the Darlington refurbishment, require prudent investment 
decisions regarding the replacement of existing systems and components at the station.  The 
generation risk assessment (GRA) method has been developed to integrate the risk and 
reliability information with the cost-benefit analysis of investment decisions. The GRA analysis 
increases efficiency and reduces ambiguity in the planning process and makes it easier to justify 
the project selections to all the stakeholders.  We are continuing to assist the OPG 
refurbishment group in implementing the GRA within the refurbishment planning process. 
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Risk-Informed Inspection of Fuel Channels 
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Figure 2: The effect of sample size on the confidence that probability of a defective channel in the core is 
less than an upper bound value, pu = 2% and 5%.  

 
 
Inspections are carried out to measure the gap between the pressure tube and calendria with 
the purpose of (1) ensuring adequate performance of spacers, and (2) precluding the possibility 
of contact between the tubes. Since the gap measurement is a fairly tedious and time 
consuming process, a careful planning of inspection campaign is very important. A key problem 
here is how to determine the fuel channel sample size for inspection that would enable a 
meaningful inference about the condition of the reactor core.  
 
We have developed a risk-informed approach to quantify the statistical confidence about the 
condition of core, i.e., probability of spacer degradation in the core, on the basis of inspection 
results. In Figure 2, the confidence that potential level of degradation is less than a postulated 
upper bound probability (pu) is plotted as a function of sample size. These results can be used 
in the following way. If inspection of a sample of 15 channels confirms the adequate gap, then it 
can be inferred with 75% confidence that the probability of spacer degradation in the reactor 
core is less than 5%. This approach is based on a modern concept of Bayesian hypothesis 
testing, and it is used first time to the planning of reactor inspection. This approach will be 
applied to inspection of other components, such as steam generators and pipe welds joints.  
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Statistical Analysis of fish impingement at Pickering NGS 
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Figure 3: Reduction in the biomass impingement at PNG Station 

 
 
The primary objective of this study is to estimate the reduction in total biomass (i.e., fish) 
impinged at the Pickering Nuclear Generating Station (PNGS).  This study is in response to the 
need to demonstrate to the regulator that a substantial reduction in biomass impingement has 
been achieved through a system of screens installed at the cooling water intake of PNGS. Key 
elements of the uncertainty in the data are missing observations from the time series and 
seasonal variations in biomass impingement. In this project, we developed a method to estimate 
of probability distribution of total biomass impingement in the reference period 2003/2004 and 
the year 2010, which led to the distribution of reduction in biomass impingement (Figure 3). This 
study concluded that between 2003/2004 and 2010, 74 % reduction in biomass was achieved 
with 80% confidence.  
 
This is a rather unusual application of probabilistic methods developed for life cycle 
management of engineering systems, though it validates an inter-disciplinary and versatile 
nature of Waterloos research program. 
 
 
Other Projects 
 

 Estimation of steam generator tubing degradation rate from noisy eddy current 
inspection data 

 A global model for deuterium ingress in CANDU fuel channels 

 Probabilistic seismic hazard analysis of nuclear plant structures 
 
 
Benefits to the Industry 

 

 Effective life cycle management of the reactor systems and components 

 Minimize cost penalties associated with increased inspection and outage duration 

 Improved communication with the regulator about managing the risk associated with 
degradation  
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Research Team 
 
Team Members in 2011 
PhD – 11, MASc – 4, Research Associates – 3, PDF – 3 
Completion of Training in 2011 
PhD – 1, MASc – 1, Research Associate – 2, PDF – 2 
 
 
Publications 
 
Selected Journal papers 
(1) Cheng, T.J. and Pandey, M.D. (2011). An Accurate Analysis of Maintenance Cost of 

Structures Experiencing Stochastic Degradation. Structure and Infrastructure Engineering, 
8(4), Accepted – 28 January 2011. 

(2) Veeramany, A. and Pandey, M.D. (2011). Reliability Analysis of Digital Feedwater 
Regulating Valve Controller System using a Semi-Markov Process Model. Int. J. Nuclear 
Energy Science and Technology. (Accepted – 31 May 2011). 

(3) Veeramany, A. and Pandey, M.D. (2011). Reliability Analysis of Nuclear Component 
Cooling Water System Using Semi-Markov Process Model. Nuclear Engineering and 
Design, 241, 1799–1806. 

(4) Ni, S.-H., Zhang, D.-Y., Xie, W.-C. and Pandey, M.D. (2011). Vector-Valued Uniform 
Hazard Spectra. Earthquake Spectra. (Accepted 5 October 2011) 

(5) Ni, S., Xie, W.C. and Pandey, M.D (2011). Tri-Directional Spectrum-Compatible Earthquake 
Time-Histories for Nuclear Energy Facilities. Nuclear Engineering and Design, 241, 2732-
2743. 

Selected Conference papers 
(6) Pandey, M.D., Xin, L. (2011). The Prediction of Deuterium Ingress in Zirconium Alloy 

Pressure Tubes. pp.1-8. 21st International Conference on Structural Mechanics in 
Reactor Technology (SMiRT). New Delhi, India, November 6-11, 2011. 

(7) Lu, D., Pandey, M.D. (2011). Estimation of Flow-Accelerated Corrosion (FAC) Rate from 
Noisy Wall Thickness Measurement Data. pp.1-8. SMiRT-21. New Delhi, India. 

(8) Mirhosseini, S., Polak, M.A., and Pandey, M.D. (2011). The Effect of Nuclear Radiation on 
Strength and Ductility of Reinforced Concrete Elements. pp.1-8. SMiRT-21. New Delhi, 
India, November 6-11, 2011. 

(9) Pandey, M.D. and Wang, M. (2011). A Bayesian approach to the assessment of fracture 
toughness of reactor components. pp. 1-8. 11th International Conference on Applications 
of Statistics and Probability in Civil Engineering. August 1- 4, 2011, Zurich, Switzerland. 

(10) Jyrkama, M.I., Pandey M.D. and Hess, S.M. (2011). An Improved Generation Risk 
Assessment (GRA) Model Considering Degradation of Components. ANS PSA 2011, 
Wilmington, NC, March 13-17, 2011.  

(11) Cheng, T., Pandey, M.D. and van der Weide, J.A.M. (2011). Probability Distribution of 
Maintenance Cost of a Repairable System Modeled as an Alternating Renewal Process. 
pp. 1-6. ESREL Annual Conference, September 18-22, 2011, Troyes, France. 

(12) Ni, S.-H., Zhang, D.-Y., Xie, W.-C. and Pandey, M.D. (2011). Multivariate Distribution 
Models for Design Spectral Accelerations Based on Uniform Hazard Spectra. 2011 Pan-
Am CGS Geotechnical Conference, October 2-6, 2011, Toronto, Ontario, Canada 
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(13) Jyrkama, M.I. and Pandey, M.D. (2011). Risk-informed prediction of feeder end of life. 
pp.1-10. Proc. 32nd Annual Canadian Nuclear Society Conference, June 5-8, 2011, 
Niagara Falls, ON, Canada. 

(14) Jyrkama, M.I. and Pandey, M.D. (2011). Risk-Informed Ranking of Engineering Projects. 
9th CNS International Conference on CANDU Maintenance, Toronto, Ontario, Canada, 
December 4-6, 2011. 

 
 
Interaction with Industry 
  
Participation in COG project – 10- 4059 “Identification of Crack-Susceptible Feeders”.  
Transfer of knowledge to industry through active collaboration and consultation with UNENE 
members has continued within conferences, workshops, and working groups.  
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UOIT – Anthony Waker   IRC 

 – Edward Waller  (Associate IRC) 

 

UNENE/NSERC IRC Program:  Health Physics and Environmental 

Safety 
 
 
Overview 

The core of the IRC Health Physics and Environmental Safety 
research program is intended to enhance radiation protection 
for nuclear energy workers and the environment through studies 
in radiation measurement, radiation effects and radiation field 
modelling and visualization.  In June 2011 the 36 month 
progress report on the IRC was submitted to NSERC and 
documented a number of significant milestones in the 
development of UNENE sponsored research at UOIT. During 
the period December 2010 to December 2011, we have 
graduated 4 HQPs at the Masters level and have a total of eight 
HQPs in training, four Masters and four PhD.  The research 
program continues to focus on improving real-time detection 
methods for mixed radiation fields and tritium and developing 
methods for radiation field mapping and visualization as well as 
developing a greater understanding of the risks of radiation 
exposures at low dose. Participation in the annual meeting of 
the Canadian Radiation Protection Association, the Control and 
Instrumentation in Nuclear Installations conference, Lancaster, 
UK and Systems Biology Workshop, Stockholm, Sweden have 
provided national and international forums for providing 
information on the IRC and UNENE programs as well as the 
dissemination of research results.  The Faculty of Energy 
Systems and Nuclear Science at UOIT also ran its second 
international workshop on real-time measurements, instruments 
and control as an official activity of the Toronto Chapter of the IEEE Nuclear and Plasma 
Science Society.  This workshop was specifically aimed at providing a forum for graduate 
students and early career scientists to present their work in fields relevant to the UNENE Chair 
program. 
 
UOIT continues to develop its research infrastructure and this year we have seen the 
completion  of a $45M Energy Research Centre which houses purpose built laboratories for 
nuclear instrument development, mixed-field irradiations and environmental and aerosol 
research.  The installation of a G10 gamma irradiated in an irradiation facility designed for 
mixed-field dosimetry and instrument evaluation work is scheduled for February 2012. 
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Program Results 

Real-Time Measurements 
 
We have completed and published three peer-reviewed papers giving a comprehensive account 
of the design, sensitivity and dosimetric response of a novel design of compact multi-element 
tissue equivalent proportional counter (METEPC).  The METEPC has been shown to provide 
very good estimates of the dosimetric quantities of interest, H*(10) and Q in low energy neutron 
fields typical of the nuclear power plant environment. The next stage planned for this work is to 
link the METEPC detector to a commercially available data acquisition system and test its 
performance as a hand-held device.  To achieve this we have collaborated with the University of 
Regina and Far West Technology to employ the data acquisition system of the REM500 device 
manufactured by Far West Technology – health physics instruments division.  The REM500 is 
the only commercial neutron monitor based on a tissue equivalent proportional counter detector.  
In 2011 we completed a comprehensive study of the response of the REM500 device in low 
energy neutron fields of relevance to nuclear power plant radiation protection in collaboration 
with AECL and McMaster University.  The results of this work have been accepted for 
publication in the Health Physics Journal and in this publication we demonstrate a novel method 
of improving the low energy response of TEPCs by improving the algorithm used to derive the 
mean quality factor from real-time pulse-height data. 
 
To improve detector design there is increasing 
interest in Monte-Carlo modeling neutron energy 
deposition in metrological instruments such as 
tissue-equivalent proportional counters and along 
with these computational developments, there is 
a need for experimental data with which to 
benchmark and test the results obtained from the 
modeling methods developed.  We have engaged 
in an experimental study of the energy deposition 
in tissue-equivalent (TE) medium using an in-
house built graphite-walled proportional counter 
(GPC) filled with TE gas. The GPC is a simple 
model of a standard TEPC because the response 
of the counter at these energies is almost entirely 
due to the neutron interactions in the sensitive 
volume of the counter. Energy deposition in simulated tissue spheres of diameter 1, 2, 4 and 8 
µm has been measured in low-energy neutron fields below 500 keV. The results of these 
measurements have been published in the journal Radiation Research and are currently being 
used in a PhD project investigating Monte-Carlo methods for device modeling and response 
simulation.  
 
We have completed a study to investigate the relative response of thin plastic scintillators to 
beta particles and photons.  Measurements were carried out using four different gamma 
sources with different energies ranging from 6 keV to 1.332 MeV and a Ni-63 beta source of 
maximum energy 66 keV. Scintillator thicknesses ranged from 10 μm to 2500 μm and the 
experimental results indicated that maximum discrimination between high energy gamma rays 
and beta particles could be achieved with a scintillator thickness of 250 μm. These results, in 
conjunction with the Monte-Carlo modelling have led to the conclusion that a system based on 
plastic scintillators will not be sensitive enough to measure a concentration of tritium in air of 1 
DAC, while immersed in a background gamma field of a few hundred micrograys per hour.  The 
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system investigated however does have potential for the measurement of higher energy beta 
particles such as noble gases in a gamma ray background.  This work formed the thesis of a 
graduating Masters student and the principal results have been submitted to the journal 
Radiation Measurements. 
 
In view of the importance of real-time tritium 
monitoring in Candu plants we are continuing to 
explore different detection systems.  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.  To study this 
process in detail an Electron Attachment 
Spectrometer (EAS) has been designed to 
measure electron attachment in air and other 
gases.  The aim of the EAS is to observe how 
parameters such as the electric field, type of gas 
and pressure of gas can influence electron attachment.  Construction of the EAS has been 
completed; an Am-241 source is used to generate electron-ion pairs at one end of the EAS tube 
and the electrons or negative ions are then drifted by the electric field and detected by the wire 
anode at the opposite end.  A surface barrier detector is also used to detect the alpha particles 
emitted by the Am-241 source and to provide a trigger signal to measure the time between the 
generation of the electron-ion pairs and the arrival of the electrons at the wire anode.  A 
simulation using the software SIMION® (Version 8.0) has also been conducted to ensure the 
voltages applied to the electrodes focus the electrons onto the wire anode.  The PDF carrying 
out this work is currently on maternity leave and work on the EAS will continue on her return in 
2012.  As part of our research efforts in gas ionization devices for tritium monitoring we carrying 
out studies on the use of Gas Electron Multipliers (GEMs).  This year we have begun the design 
of an experiment to study the properties of GEMs and have installed the software with which to 
model the electric fields and charge multiplication process.    
 
 
Radiation Quality 
 
Regulator and public concerns are continually raised about the appropriate radiation weighting 
factor for low energy beta particles, particularly tritium, in the context of CANDU reactor 
radiation protection and environmental safety.  To address this issue a study is under way to 
describe the dosimetry of low level exposures in terms of the specific energy probability 
distributions for single and multiple events in mammalian cells and sub-cellular structures 
(microdosimetry).  Progress in this work was presented at the System Biology-2011 workshop 
organized by the Karolinska Institute, Stockholm, Sweden in October 2011.  In this work we 
show that absorbed dose is related to the product of the mean specific energy deposited in a 
cellular target per charged particle track intersection, the mean number of hits received by such 
cellular targets during an exposure and the fraction of such cellular targets in a tissue receiving 
at least one such hit. Using data obtained from measured microdosimetric spectra up to site 
sizes of 10 μm diameter for low energy X-rays and high energy gamma rays we examined the 
change in the above mentioned microdosimetric quantities with absorbed dose. From this 
analysis we identify three regions of absorbed dose where the microdosimetric quantities 
change in a manner that could be significant for a systems biology approach to radiation 
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protection risk assessment. At very low level environmental exposures as typified by K-40 body 
burdens, over the course of a year, a small fraction of cells (approximately 10%) will be hit no 
more than once. At dose levels typical of natural background we encounter conditions where 
half to all cells in a tissue experience a hit and on average receive two to three such events. 
Finally at doses typical of some medical diagnostic procedures we enter the regime where all 
cells in a tissue will experience multiple hits during the course of the exposure. Having identified 
different ‘regions’ of absorbed dose where the microdosimetric description changes significantly 
we also examined the underlying Poisson distributions for the mean microdosimetric quantities 
used in the analysis.  It is clear from this type of analysis that any discussion on the effects of 
low-level environmental exposures must take into account the highly stochastic nature of the 
actual radiation energy deposited.   Once completed the microdosimetric model of low-level 
exposure will be used to integrate into mechanistic models of radiation risk thereby providing a 
tool for assessing environmental risks and health detriment at doses below which we have no 
epidemiological evidence of harm. 
 
Our work on the dosimetry and microdosimetry of low 
energy beta particles is complemented by an experimental 
investigation to develop a low energy photon source based 
on an Amptek silver-target mini-X-ray set run at low kilo-
voltage that can mimic low energy beta particle irradiation, 
including tritium.  The objective of this work is to produce a 
radiation source that can be used to study the biophysical 
effects of low energy beta particles without any of the 
practical difficulties of handling tritium and other unsealed 
sources.  Progress in this work was presented at the ORF- Nuclear Ontario student seminar in 
March 2011 and as a student poster at the UNENE workshop in December 2011.   
 
Radiation Field Modelling and Visualization 
 
Radiation maps show 
how a radiation field 
varies in an area, usually 
by over-laying intensity 
contours 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. The most significant obstacle to current techniques are presented when 
barriers 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, usable 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 
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areas) and integrating this with a map-making capability to provide the geometrical or physical 
layout of the area under study. The goal of this research will be to develop a versatile system for 
generating radiation maps on-demand for areas in which completing a full sensor survey is 
impossible, and/or for which there is limited information available about the physical layout. The 
general concept of this system comprises three main stages as shown in the accompanying 
figure. In the first phase, sensors mounted to a mobile robot or robots are deployed into the area 
being mapped and used to gather raw data about the radiation intensity field and physical layout 
of the region. Once the survey has been completed, this data is then used in conjunction with an 
appropriately selected radiation model to discern the location and intensities, which would 
mostly likely generate a radiation intensity field matching the observations. The radiation model, 
now calibrated for the current exposure scenario, can then be used to predict the radiation 
intensity levels for the subsections where it was impossible to take direct measurements from 
and a probabilistic radiation map can be generated using Forward Monte Carlo (FMC) analysis.  
Achieving these goals will require the integration of state-of-the-art techniques from a number of 
fields of research, including: mobile robotics, radiation detection, advanced systems modeling, 
and optimization. The successful integration of these topics should yield a robust radiation 
mapping tool capable of expanding the range for which radiation maps can be used. 
 
Portal personnel monitors are typically used to measure large groups of persons for 
contamination of radioactive material. Applications fall into the realm of nuclear power plant 
safety and emergency response to nuclear events. For such applications throughput is of 
primary concern and persons will be screened as ‘uncontaminated’ or ‘contaminated’ where 
contaminated persons will go through decontamination before being released. In any event 
where persons may become externally contaminated (i.e. clothing and skin) there exists the real 
threat of internal contamination as well through inhalation or ingestion of the loose radioactive 
material. This presents a quandary when screening personnel with portal monitors. How much 
shielding does the human body provide when detecting internal contamination? More 
specifically, what is the efficiency of a portal monitor for detecting internal contamination?  This 
study specifically brackets the Thermo Scientific PM12 – personnel gamma portal monitor. The 
PM12 was designed specifically for use in nuclear power plants (i.e. it is not portable). The 
research here involves modeling the portal monitors using Monte Carlo radiation transport in 
collaboration with OPG. 
 
Based upon needs identified by the Bruce A alpha event a multi-faceted research thrust was 
initiated, including research in (a) risk from radiological aerosols, (b) rapid triage and treatment 
from inhalation of radiological insults, and (c) exposure assessment from accidentally 
contaminated personnel in nuclear power plants.  The research program focus is on protection 
of the public and workers in the event of a radiological accident or other emergency.  It is 
important to rapidly determine risk after a radiological release to provide possible therapeutic 
treatments (for example, decorporation therapy), to allay fears, and to ensure that workers are 
either removed from radiological duty or permitted to resume work.  Germane to determination 
of risk is assessment of radionuclide intake.  Although some radioisotopes that are inhaled or 
ingested are relatively easily determined from bioassay (for example, tritium in urine), others, 
such as alpha emitting actinides, are not.  This research seeks to generate rapid estimates of 
actinide levels in urine through liquid scintillation counting by exploring three distinct research 
foci: (1) improvement of alpha/beta discrimination algorithms (through, for example, spectral 
deconvolution) in liquid scintillation counting to improve minimum detectable activity, (2) design 
and fabrication of new liquid scintillation vials and photomultipliers to improve the light 
output/detection efficiency, hence lower the detection limit for alpha emitting radionuclides, and 
(3) exploration of a novel techniques using surrogate measurement for actinide alpha emitting 
reactions, i.e. (α,n).  The research will have great significance to the health physics and 
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emergency response community for rapid determination of actinide intake.  It will be of equal 
interest to industrial and government agencies that have requirements to protect the health and 
security of personnel.  The research will benefit the scientific community by adding to the 
knowledge base of rapid actinide determination from bioassay samples, and by training a 
number of highly qualified personnel (HQP). 

Contact with encapsulated gamma emitting sources can yield significant damage to tissue due 
to secondary electron emission from the encapsulation.  Contact dose rates are important to 
understand for radiation therapy applications, and also for inadvertent exposure analysis which 
would require forensic (retrospective) dosimetry estimates.  There have been numerous 
instances over the years where people have been severely injured by handling encapsulated 
radiation sources.  Rapid dose assessment can help guide treatment in the early stages and 
determine the extent of required resources.  Despite the need, there are relatively few published 
contact dose conversion factors for these sources.  Most of the work in this area was performed 
in the early days of radium therapy, and as such there is a reasonably significant amount of data 
on encapsulated Ra-226 sources and associated filters.  NCRP-40, published in 1972, list 
contact dose rates for Ra-226, Ir-192, Cs-137 and Co-60 encapsulated sources. The rate for the 
Ra-226 source was determined from experiment, whereas the others were estimated using 
theoretical enhancement factors.  Coupled photon-electron Monte Carlo calculations were 
performed to explore the secondary electron contribution from a Ra-226 source using various 
cladding material, and validation against original work performed by Sievert, Benner and other 
early researchers in the field.  Good agreement was found with the estimated secondary 
electron production for Ra-226, and similar Monte Carlo simulations were performed for Ir-192, 
Cs-137 and Co-60.  Lower dose conversion factors were found in Monte Carlo simulation 
versus experimental data, with the greatest implication being that dose estimates based upon 
historical tabulated values will underestimate risk when related to biological indicators. There 
are numerous implications for dosimetry in CANDU operations for both encapsulated sources 
and activated materials.   

 
 
 
Research Facilities and Equipment 

UOIT also 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.  
Construction of the Energy Research Centre which 
houses laboratories specifically designed to support 
IRC research including purpose built neutron and 
gamma irradiation facilities was completed in 2011. 
The installation of a Hopewell Designs G10 caesium gamma irradiator will be carried out mid-
February 2012 and the addition of a thermo-Fisher P385 neutron generator is expected shortly 
after to complete the mixed-field irradiation facility.  The IRC program also makes regular use of 
low energy neutron beams produced at the McMaster Accelerator Facility.   
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Current HPQs 

Our current complement of research personnel and graduate students working explicitly on 
UNENE projects consists of one Post-doctoral Fellow; four PhD; and 4 MASc. 
 
 
Graduated HPQs 

Four Masters students graduated from the industrial research chair program during 2011 of 
these graduates two are employed in the nuclear industry (Monserco, Nuclear Safety Solutions), 
one is employed in education (UOIT, Faculty of Science), and one is continuing their graduate 
studies at UOIT. 
 

 

Publications 

Peer Reviewed: 
 
Development of a thick gas electron multiplier for microdosimetry 
G.M. Orchard, K. Chin, W.V. Prestwich, A.J. Waker, S.H. Byun, 
Nuclear Instruments and Methods in Physics Research A 638, pp 122–126, 2011 
 
Study of microdosimetric energy deposition patterns in tissue-equivalent medium due to low-
energy neutron fields using a graphite-walled proportional counter 
A.J. Waker and Aslam 
Radiation Research, 175(6), pp 806-813, 2011 
 
Design of a multi-element TEPC for neutron monitoring 
A. J. Waker, Aslam and J. Lori, Radiation Protection Dosimetry, Vol. 143, No. 2– 4, pp. 463–
466, 2011 
 
A study of neutron radiation quality with a tissue equivalent proportional counter for a low-
energy accelerator-based in vivo neutron activation facility 
Aslam, and A. J. Waker, Radiation Protection Dosimetry, Vol. 143, No. 2–4, pp.467–470, 2011 
 
Study of the effect of high dose rate on tissue equivalent proportional counter microdosimetric 
measurements in mixed photon and neutron fields 
Aslam, N. Qashua and A.J. Waker, Nuclear Instruments and Methods in Physics Research A 
652 (2011) 854–857 
 
An experimental study of the microdosimetric response of a graphite walled proportional counter 
in low energy neutron fields 
A.J. Waker and Aslam, Nuclear Instruments and Methods in Physics Research A 652 (2011) 
721–725 
 
Radiological Contaminants: Triage, Treatment and Medical Management of Exposed Persons, 
Waller, E., in Disaster Management: Medical Preparedness, Response and Homeland Security, 
in print, CABI Publishing, Wallingford, UK, 2011 
 
Sources of Radiation in the Environment: including natural radiation, naturally occurring 
radioactive materials (NORM), technically enhanced materials, weapons tests and nuclear 
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accidents, Waller, E., in Encyclopedia of Sustainability Science and Technology, in print, 
Springer, 2011. 
 
Utilization of a Gamma Electronic Personal Dosimeter in a Mixed Neutron/Gamma Cf-252 Field 
for Total Dose, Waller, E.J., Nuclear Tech., 175:93-104, 2011. 
 
Representation of a Low Yield Nuclear Weapon Neutron Spectrum using an (α,n) Neutron 
Source, Waller, E., Nuclear Tech., 175:89-92, 2011   
 
Chapter 6 – Biodosimetry and Biomarkers for Radiological Emergency Response, Wilkinson, D., 
Waller, E., Abend, M., Riecke, A., Ruf, C., Jaworska, A., Striklin, D., Holt, D., Rothkamm, K., 
Blakely, W., Buddemeier, B., Curling, C., Disraelly, D., Homann, S., Levine, I., Millage, K., 
Nasstrum, J., Nemhauser, J., Ross, J., Sandgren, D. and Sugiyama, G., in Radiation BioEffects 
and Countermeasures, North Atlantic Treaty Organization, RTO-TR-HFM-099, AC/323(HFM-
099)TP/356, October 2011. 
 
Independent Review of the Exposure of Workers to Alpha Radiation at Bruce A Restart, Reactor 
Unit 1, Bruce Power, Ontario, Cohalan, C., Haynes, M., Vikis, A., Waller, E., Walsh, M., LaBone, 
T., Dooley, D., Hargreaves, T. and Bell, D., Radiation Safety Institute of Canada Final Report 14 
July 2011.   
 
 
Conference Presentations: 

Health Physics and Radiation Science at UOIT 
A.J. Waker & R. Machrafi, Canadian Radiation Protection Association Annual Meeting, Ottawa, 
May, 2011 
 
Neutron Monitoring in Real-Time for Nuclear Power Plant Workplace Environments 
A.J. Waker and Aslam, Control and Instrumentation in Nuclear Installations, Lancaster, UK, 
Sept. 2011  
 
Microdosimetric Constraints in Systems Biology for Radiation Protection 
A.J. Waker and A. Ho, Systems Biology-2011, Stockholm, October, 2011 

A Systems Biology Approach to Describing Self-Renewing Tissue Responses to Radiation 
 
Exposure as a Pedagogic Exercise in Training Nuclear Engineers 
A. Ho and A.J. Waker, Systems Biology-2011, Stockholm, October, 2011 

Contact Dose Rates from Encapsulated Sources, Waller, E., Cleary, J. and Goans, R, Health 
Physics Society 56th Annual Meeting, West Palm Beach, FL, 26-30 June 2011. 
 
Operational Experience with Radiological Triage and Treatment Tools, Waller, E., Össtereicher, 
J. and Souková, J, Health Physics Society 56th Annual Meeting, West Palm Beach, FL, 26-30 
June 2011. 
 
Optimization of MEDical DECORporation (MEDCOR2) Tool for Time and Use for Improved Bio-
effects, Boulay-Greene, H., Waller, E., Li, C., Vlahovich, S., Hugron, R., Brown, G., Walsh, K., 
Donovan, K., Wyatt, H., Priest, N., Kramer, G., Erhardt, L., Jones, A., Wilkinson, D., 
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Prud’Homme-Lalonde, L., , Blakely, W. and Österreicher, J., CRTI Summer Symposium, Ottawa,  
15-16 June 2010. 
 
Robotic Radiation Mapping from Sparse Data, McDougall, R., Nokleby, S. and Waller, E., 2011 
CCToMM Symposium on Mechanisms, Machines, and Mechatronics, Montreal, Quebec, 2-3 
June 2011.  
  
Planning and Response Tools for a Radiation Emergency, Waller, E., Bridging the Gaps: Public 
Health and Radiation Emergency Preparedness Conference, Atlanta, Georgia, 22- 24 March 
2011. 
 
   
Cases with Realized outcomes to Industry; knowledge transfer, Technology Application to 
Industry 
 
Overview: 
The UNENE Chair holders at UOIT have interacted 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 and a review of alpha particle internal 
dosimetry dose-assessments with Bruce Power. 
 
The expertise of the UNENE Chair holders and in particular that 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: 
 

 Bruce A Alpha Event 

 Bridging the Gaps: Public Health and Radiation Emergency Preparedness Conference  

 56th Annual Meeting of the Health Physics Society Continuing Education Lecture (CEL) 
entitled “Diagnostic Reference Levels for CT Scanners”, 1 hr CEL worth 2 Continuing 
Education Credits (CEC) by the ABHP for CHP continuing education, West Palm Beach, 
Florida, 29 June 2011.  

 56th Annual Meeting of the Health Physics Society Professional Enrichment Program (PEP) 
course entitled “Nuclear Forensic Analysis”, 2 hr PEP worth 4 Continuing Education Credits 
(CEC) by the ABHP for CHP continuing education, West Palm Beach, Florida, 29 June 2011 

 Session Co-Chair “Emergency Planning and Response” of the 56th Annual Meeting of the 
Health Physics Society, West Palm Beach, Florida, 26 – 30 June 2011. 

 Planning committee member for conference Diagnostic Imaging: Protecting Ontarians, 
Ontario Hospital Association, Toronto, Ontario, 4 February 2011 

 Planning committee (Local organizing committee; student participation) for the Canadian 
Radiation Protection Association Conference, Ottawa, Ontario, 8-12 May  

 Bridging the Gaps: Public Health and Radiation Emergency Preparedness Conference - 
Invited presentation entitled: “Planning and Response Tools for a Radiation Emergency”, 
Bridging the Gaps: Public Health and Radiation Emergency Preparedness Conference, 
Atlanta, Georgia, 22- 24 March 2011. 
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 Ontario Hospital Association - Invited presentation entitled: “Diagnostic Reference Levels for 
Dose Optimization in Computed Tomography”, Diagnostic Imaging: Protecting Ontarians, 
Toronto, Ontario, 4 February 2011 

 Ontario Hospital Association - Invited presentation entitled: “Food for Thought: Advocacy for 
Standardization of Diagnostic Imaging Equipment in Ontario”, Diagnostic Imaging: 
Protecting Ontarians, Toronto, Ontario, 4 February 2011 

 Manuscript reviewer for the International Journal of Management Science and Engineering 
Management, Fall 2011.   

 Manuscript reviewer for the Applied Radiation and Isotopes, Summer 2011.   

 Manuscript reviewer for the European Journal of Engineering Education, Winter 2011.   
 

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) 

 5th International Conference on The Medical Basis for Radiation Accident 
Preparedness, sponsored by REAC/TS, Miami, Florida, 27-29 September 2011 
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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 (iv) 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 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 EC and 30 MPa. The $30,000/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. These funds currently support 5 graduate students and 3 postdoctoral 
fellows. 
 
 
Research Program/Outcomes 
 
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; renewed 2009-2012) ($87,000/yr x 3). 

(ii)  “Chemistry in Near-Critical and Supercritical Water for the CANDU Generation IV 
Reactor Concept” NSERC/AECL Strategic Research Grant: (2007-2009; renewed 2009-
2012) ($174,000/yr x3). 

(iii)  Aqueous Electrolytes and Non-Electrolytes Under Hydrothermal Conditions”  
NSERC/NRCan/AECL CRD Grant (2009-2012) ($100,000/yr x 3). 

(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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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 detailed models for the chemical 
behaviour of metal oxides, dissolved gases and pH-control additives at temperatures as high as 
300 EC, 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 EC 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 phase uses 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 EC, 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. 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 include several with unique capabilities.  The 
high-temperature platinum vibrating tube densimeter, constructed  in 1997, is one of fewer than 

six worldwide that provide the precision ( 110-5 g/cm3) needed to  measure standard partial 
molar properties of aqueous electrolytes up to 350 EC. The UV-visible flow system constructed 
in 1999, has the stability needed for quantitative spectroscopic studies up to 275EC, and is 
being upgraded for operation up to 400EC.  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. 



UNENE ANNUAL REPORT 2011  89 

 

Cells suitable for use under CANDU-6, CANDU ACR 1000, and CANDU SCWR reactor coolant 
conditions are being developed.  
 
 
Research Team 
 
In 2011/12, the hydrothermal chemistry group consisted of two PhD students, four  MSc 
students, three postdoctoral fellows.  Research Associate, Dr. Liliana Trevani was appointed to 
a faculty position at UOIT in 2010 and was replaced by Dr. Jenny Cox (BSc U.  Toronto, PhD, 
ETH, Zurich).  Postdoctoral fellows Dr. Hugues Arcis and Dr. Melerin Madekufamba, PhD 
student Kristy Erikson and MSc student Mike Yacyshyn (Univ. Guelph) worked on our UNENE 
D2O project.  Postdoctoral fellow Lucas Applegarth and MSc students Katie Bissonette 
(Laurentian Univ.), Jeff Plumridge (Univ. Guelph) and Alex Lowe (Memorial Univ.) worked on 
projects related to the supercritical water reactor or basic research.  The projects include 
collaboration with computational chemists, Prof.  Cory Pye (St. Mary’s University) and Prof. Nela 
Mora-Diaz (Thompson River University).  In April, Dr. Madekufamba left the group to take up a 
staff position at the Alberta Sulfur Research Institute.   
 
 
Publications 
 
Published Research Papers 
  

1. Deuterium Isotope Effects on the Ionization Constant of Acetic Acid in H2O and D2O by AC 
Conductance from 100 EC to 275 EC at 20 MPa, K. M. Erickson, D. Raffa, H. Arcis, G. H. 
Zimmerman and P. R. Tremaine,  J. Phys. Chem B. 115, 3038-3051 (2011). 

2.   Ion Association in Dilute Aqueous Magnesium Sulfate and Nickel Sulfate Solutions Under 
Hydrothermal Conditions by AC Conductance, P.R. Tremaine and M. Madekufamba, J. 
Chem. Eng. Data 56, 889–898 (2011).  

3.   Water Chemistry in a Supercritical-Water-Cooled Pressure-Tube Reactor, D. Guzonas, F. 
Brosseau, P. Tremaine, J. Meesungnoen, J.-P. Jay-Gerin, Nuclear Technol., (In Press). 

 
Published Proceedings from Conferences and Workshops 
 

1. Ion-pair Formation in Strontium Chloride and Strontium Hydroxyde Solutions under 
Supercritical Water Reactor Operating Conditions, G.H. Zimmerman 1, H. Arcis and P.R. 
Tremaine, 5th Int.  Symp.  on Suprcritical Water Reactor Research (ISSCWR-5), Can.  
Nucl.  Soc., (Vancouver BC, March 13-16, 2011). 

2. Raman spectra and formation constants for aqueous nickel chloro-complexes from 5 to 
150 oC‚ K. Bissonette*, F. Brosseau, P. Tremaine, C. Pye,  94th Can. Soc.  Chem. 
Conference, (Montreal, PQ, June 5-9, 2011).  Poster. 

3. Raman Spectra and Formation Constants for Aqueous Copper (II) and Copper (I) Chloro-
Complexes from 5 to 150 oC, L. Applegarth, C. Pye and P. Tremaine, 94th Can. Soc.  
Chem. Conference, (Montreal, PQ, June 5-9, 2011).  Poster. 

4. Ion-pair Formation in Strontium Chloride and Strontium Hydroxyde Solutions under 
Supercritical Water Reactor Operating Conditions, G.H. Zimmerman 1, H. Arcis and P.R. 
Tremaine, 5th Int.  Symp.  on Suprcritical Water Reactor Research (ISSCWR-5), Can.  
Nucl.  Soc., (Vancouver BC, March 13-16, 2011). 

5. Deuterium Isotope Effects on the Ionization Constants of pD Control Agents and Metal 
Hydrolysis from 95  C to 275  C at 20 MPa: Measurements by AC Conductance using Acetic 
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Acid as a Model System , K. M. Erickson, G. H. Zimmerman, H. Arcis, D. Raffa and P. R. 
Tremaine, 32th Ann. Conf. Can. Nucl.  Soc., (Niagara Falls, ON, June 5-8, 2011). 

 
 
Interactions With Industry 
 
Committees and Boards:  
 
Dr. Tremaine serves on three industrial advisory committees for the nuclear industry, and on 
several committees charged with nuclear education, organizing conferences, and preparing 
large project proposals.  
(i) Chair, R&D Advisory Panel Atomic Energy of Canada Ltd.  The Panel reported to the Board 
of Directors through its Science Technology and Nuclear Oversight Committee. Its mandate 
ended in October, 2012, with the sale of Candu Energy.  
(ii) Member, MULTEQ Database Advisory Committee, Electric Power Research Institute (EPRI).  
(iii) 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 Project Advisory Committee has visited Guelph on an annual basis, in from 2006 to 
2011.  The Committee also provides technical advice for the Strategic and CRD grant funded 
projects for this group.  In January 2012, MSc student Katie Bissonette begins an 8 month co-op 
work term at Chalk River Laboratories.  Dr. Tremaine is providing input on Canadian nuclear 
industry R&D needs to the EPRI MULEQ Database Committee, which recently published and 
updated database for magnetite and transition metal ferrite solubility. He is also a member of 
the Canadian National Committee of the International Association for the Properties of Water 
and Steam, which hosted its annual international meeting in Niagara Falls Canada, in 2010 (D.  
Guzonas, AECL Chair). 
 
 
External Employment of Students, PDFs and Research Associates 
 
In March 2011, postdoctoral fellow Dr. Melerin Madekufamba accepted a staff position at the 
Alberta Sulfur Research Institute.  MSc graduate Francis Brosseau was employed as an 
Instrument Scientist with Bruker Scientific in July, 2010. Senior research associate, Dr. Liliana 
Trevani, started a tenure-track faculty position as Assistant Professor at the University of 
Ontario Institute of Technology in January, 2009. PhD graduate Dr. Jana Ehlerova (Univ. 
Liberec, Czech Republic, 2009), who spent two 1-year exchange visits in Guelph (2006/07 and 
2008/09) is now a Research Associate at the University of  Liberec. 
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McMaster University – Marilyn Lightstone  CRD  

 

CRD Title: Improved Understanding of Intersubchannel Thermal Mixing  
 
 
Overview 
 
This research is concerned with modelling fluid flow and heat transfer in 
subchannel geometries.  Computational fluid dynamics (CFD) is being 
used to model the flow pulsations that occur in the gap region of nuclear 
fuel bundles.  Simulations are validated against experiments to assess 
the validity of the models used, in particular the turbulence models.  The 
long term goal of the research is to develop an improved understanding 
of the underlying physics of the flow pulsations.  This will then allow for 
development of simple models which capture the important physical 
phenomena and can be incorporated into industrial safety analysis codes 
such as ASSERT-PV. The benefit to industry will be more accurate 
predictions of fuel sheath temperatures as well as development of highly 
qualified personnel for potential employment in the nuclear industry. 
 
 
Program Results/Highlights 
 
Our previous work (performed by George Arvanitis – Masters, and Deep Home – Ph.D.) 
focused on intersubchannel mixing under turbulent flow conditions.  For Deep Home’s Ph.D., he 
used a computationally intense turbulence model (detached eddy simulation (DES) which is a 
hybrid of large eddy simulation and unsteady Reynolds-Averaged Navier-Stokes modeling in the 
wall region) to model flow in a rectangular twin-subchannel geometry.  He compared the 
numerical predictions to experiments and was able to accurately predict the important features 
of the flow that were seen experimentally.  For example, the frequency and magnitudes of y 
observed flow pulsations were well predicted.  Figure 1 shows a snapshot of the predicted 
crossplane velocity vectors, where the axial flow is into the page.  The complex flow pulsations 
are clearly observed in the figure.  His research also provided insight into the mechanism which 
is responsible for the formation of the pulsations: i.e., the flow instability at the gap edge. We 
submitted a paper on this work to Nuclear Engineering & Design in 2011 and are awaiting 
reviews.  For his master’s degree, George Arvanitis  considered the same flow as Deep, but 
modeled it using a method that is much less computationally intensive: he used the Spalart-
Allmaras turbulence model which is a one-equation unsteady Reynolds-Averaged Navier-
Stokes model.  While this approach did not have the accuracy of DES, it was able to predict 
pulsation frequencies within 15% of experimental values at a fraction of the computational cost 
required by DES.  This research has been published in Nuclear Engineering & Design. 
 
The research performed by George and Deep indicated to us that the root cause of the flow 
pulsations was not necessarily a turbulence phenomenon and is more related to the flow 
instability at the gap edge arising from the inflection point in the mean axial velocity profile.  That 
is that the high flow resistance in the gap region creates a region of low axial velocity adjacent 
to a higher velocities within the subchannel.  That velocity profile can create an instability which 
acts to create pulsations directed across the gap. Experimental work by Gosset and Tavoularis 
indicated that pulsations can occur under laminar conditions.  As a result of this, in 2011 we 
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focused our efforts on numerical simulation of laminar flows in a duct containing a rod where the 
centres of the rod and duct are not aligned.  This provided the gap regions and hence non-
uniform velocities that could result in flow pulsations.  The focus on laminar flows allowed for the 
complexities introduced by turbulence to be removed.  This work was the focus of Alan Chettle’s 
Master’s thesis which was completed in the fall of 2011.  A snapshot of the laminar flow cross-
plane velocity vectors is shown in Figure 2.  The colour contours indicate axial velocity gradient.  
In addition to predicting sustained quasi-periodic pulsations, Alan’s work also showed how the 
flow evolves from a non-periodic fully axial flow to a flow containing sustained quasi-periodic 
pulsations.  It again showed the root cause of the pulsations arises in the gap edge where the 
instability in the axial velocity profile resides.  We are in the process of writing a journal paper on 
Alan’s results for submission to Nuclear Engineering & Design.  Alan’s work has also been 
presented at the CNS conference in 2011 and at NURETH-14 in 2011. 
 
 
 

 
 

Figure 1: Predicted cross-plane velocity vectors using detached eddy simulation 
(Deep Home's Ph.D. research).  Axial flow is into the page. 
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Figure 2: Laminar flow pulsations with coloured contours indicated local axial velocity 
radient (Alan Chettle's Master's research).  Axial flow is into the page. 

 
 
Current HQP 
 
Alan Chettle has just graduated (fall 2011) and we have a new Master's student (Gujin Wang) 
who started in September 2011 and will continue Alan's research.  We are currently looking to 
hire a Ph.D. student and a second master’s student in 2012.  A student that we had previously 
committed to continue the work had decided not to pursue a Ph.D.  An excellent final year 
undergraduate student at McMaster has also expressed interest in this project and we are 
hoping to hire him beginning in May 2012.   
 
 
Graduated HQP 
 
Three students have completed their graduate studies on this topic.  Their names, degrees, and 
current occupation are listed below: 
 

 Deep Home, Ph.D.  Current employer: AMEC-NSS (nuclear industry) 

 George Arvanitis, M.A.Sc., Current employer: AMEC-NSS (nuclear industry) 

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

 
 
Industry Interactions 
 
We have had regular meetings with our technical advisory committee throughout the research 
program with our most recent meeting at the Bruce Power office in Toronto on June 23, 2011.  
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Our committee consists of Marc Kwee from Bruce Power, Wie Liauw from OPG, Yanfei Rao 
from AECL, and John Luxat from McMaster University. 
 
 
Publications: 
 
Journal Publications 

 Home, D. and Lightstone, M.F., ‘Investigation of dynamics of subchannel flow pulsations 
using detached eddy simulation approach’, submitted to Nuclear Engineering& Design, 
2011. 

 Home,D., Arvanitis, G., Lightstone, M.F., and Hamed, M.S., ‘Simulation of flow pulsations in 
a twin rectangular sub-channel geometry using unsteady Reynolds Averaged Navier-Stokes 
modeling', Nuclear Engineering and Design, Vol. 239, pp. 2964-2980, 2009. 

 Home, D., Lightstone, M.F., and Hamed, M.S., ‘Validation of DES-SST based turbulence 
model for a fully developed turbulent channel flow problem', Numerical Heat Transfer Part A: 
Applications, Vol. 55, pp. 337-361, 2009. 

 

Conference Publications 

 Chettle, A., Lightstone, M., and Tullis, S., ‘Simulation of laminar pulsations in a rectangular 
duct containing a rod’,  Proceedings of the 14th International Topical Meeting on Nuclear 
Reactor Thermal-Hydraulics (NURETH-14), Toronto, ON, Sept. 25-30, 2011. 

 Chettle, A., Lightstone, M., and Tullis, S., ‘Numerical simulation of laminar pulsations in 
subchannel geometries’, Proceedings of the 35th Annual Meeting of the Canadian Nuclear 
Society, June 5-8, 2011. 

 Home, D, Lightstone, M.F.,  Hamed, M.S., ‘Numerical Investigation of Flow Pulsation 
Phenomena Using DES-SSTApproach’, 2009 American Nuclear Society Annual Meeting, 
Atlanta, Georgia, U.S.A., June 14-18, 2009. 

 Home, D., Lightstone, M.F., and Hamed, M.S., ‘Numerical Investigation of the Flow 
Pulsation Phenomena in a Twin Rectangular Sub-channel Geometry’,  CFD2009, Ottawa, 
ON  May 3-5, 2009. 

 Home, D., Lightstone, M.F., and Hamed, M.S., ‘Numerical Investigation of Turbulent Flow in 
a Twin Rectangular Subchannel Geometry’, Proceedings of 29th Annual Conference of the 
Canadian Nuclear Society and 32nd CNS/CNA Student Conference, Toronto, ON, June 1-4, 
2008. 

 Arvanitis, G., Home, D., Lightstone, M.F., and Hamed, M.S., ‘Unsteady Reynolds Averaged 
Navier-Stokes (URANS) Modelling of Turbulent Flow in a Twin Rectangular Sub-Channel 
Geometry’, Proceedings of 29th Annual Conference of the Canadian Nuclear Society and 
32nd CNS/CAN Student Conference, Toronto, ON, June 1-4, 2008. 

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

 Home, D., Lightstone, M.F., and Hamed, M.S., ‘Detached Eddy Simulation based turbulence 
modeling approach for inter sub-channel thermal mixing’, Proceedings of International 
Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-12), Pittsburgh, 
Pennsylvania, U.S.A., Sept 30-Oct 4, 2007 
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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 evaluate the use of 
available experimental and computational fluid dynamics 
(CFD) methods for the study of two-phase flow 
characteristics in pipes and in a simplified model of a header-
feeder system used in CANDU nuclear power plants.  The 
main experimental tasks are: i) to qualify and calibrate a wire-
mesh sensor (WMS) for two-phase flow measurements by 
performing evaluation tests in adiabatic air-water pipe flow, 
and if possible in steam-water pipe flow; ii) to quantify the 
measurement uncertainty of the wire-mesh sensor for measuring void fraction, interfacial area 
and gas velocity; and iii) to compile an experimental database of air-water flow characteristics in 
horizontal and vertical (upward and downward flow) pipes using the wire-mesh sensor. The 
main tasks of the computational analysis are: i) to perform CFD simulations of two-phase 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 the conditions and geometries of interest to nuclear safety 
analysis; ii) to perform CFD simulations of two-phase flows in a small-scale multi-bank header 
for which previous experimental results are available. The proposed experimental and numerical 
investigations are in direct support of the AECL air-water header facility tests.  
 

Established Research Facility 

A new recirculating water-air loop was designed and constructed at the University of Ottawa for 
the needs of this project. A schematic diagram of the flow loop is shown in Figure 1. Water 
contained within the main tank is pumped to the head tank, providing a head of approximately 
4.5 m to the test section. The head tank is divided into two parts, separated by a dividing wall 
which acts as an overflow and maintains a constant head to the test section, whereas excess 
water is redirected back to the main tank. Water from the head tank is first supplied to the 
settling tank from which it enters the test section following mixing with compressed air injected 
just downstream of the test section inlet. Figure 2 illustrates the test section. It is positioned 
downstream of a long horizontal pipe, which allows full development of the two-phase flow. The 
central piece contains two 8 × 8 WMS mounted on a special flange-spacer combination. On 
either side of this assembly, there are two short pipe sections with thin walls made of fluorinated 
ethylene propylene (FEP, known under the trade name Teflon), having a refractive index that 
closely matches that of water, thus allowing undistorted optical access for LDV and PIV 
measurements. These sections are immersed in square viewing tanks with glass walls and 
containing still water.  
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Figure 1 Schematic diagram of the water-air recirculating loop. 
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Figure 2 The test section with two WMS. 

 
 
Computational Work 

An extensive literature review of experimental and computational studies of liquid-gas flows in 
pipes has been completed. Based on this review, a few sets of experimental results were 
selected and used for the validation of computational methods and a comparative evaluation of 
available CFD codes and models. Among the many available multiphase CFD codes available, 
we have chosen to evaluate two commercial codes, CFX 12.1 and FLUENT 12.1, for which we 
maintain academic licences, and the open source code OpenFOAM 1.7.1. The few tests that we 
have completed so far are encouraging. The approaches we follow are demonstrated here by 
two examples. In the first test, we compare predictions of the three codes with measurements2 
in a horizontal, bubbly, air-water, pipe flow. At the inlet, the liquid and gas velocities were 
specified as 5.22 and 5.95 m/s, respectively, the gas volume fraction was 4.2%, and the 
Reynolds number was 166 000. The best results were obtained with the use of ANSYS CFX 
12.1. The results shown in Figures 3 and 4 were obtained using 600 000 hexahedral mesh 
elements, the Euler-Euler model with constant bubble size, the k-epsilon turbulence model, and 
taking into account drag and lift on the bubbles, wall lubrication and turbulent dispersion. The 
experimental inlet velocity profiles for the liquid and gas were not specified and were assumed 
to be uniform. This boundary condition introduced entrance effects in the simulation results, and 
the prediction of a noticeable peak in the volume fraction (about 0.23) at some intermediate 
streamwise and radial positions. Sufficiently downstream, the velocity field and the volume 

                                                
2
A. Iskandrani and G. Kojasoy, 2001. Local void fraction and velocity field description in horizontal bubbly 

flow, Nucl. Eng. Des., vol. 204, pp. 117–128.  

1. Acrylic tube, 1¼” ID 
2. Glass viewing tank 
3. FEP (teflon) tube, matching refractive index of water 
4. Flange 
5. Wire-mesh sensor 

1 

2 

3 4 5 
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fraction distribution became fully developed with a maximum volume fraction of 0.15 near the 
top of the pipe. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Contours of air volume fraction for horizontal air-water pipe flow. 

 

 

Figure 4 Comparison of CFD predictions and experimental results for horizontal air-water pipe flow. 

3000 mm (1:10) 
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A second test was the simulation of air-water flow in a CANDU header/feeder model for which 
experimental results are available3. The horizontal, cylindrical header has one inlet and 30 
outlets at different angles of inclination. The header was assumed to be initially completely filled 
with water. The inlet condition is steady, dispersed bubbly flow with a 65% air volume fraction, a 
velocity of 0.695 m/s and a Reynolds number of 3920. ANSYS CFX 12.1 with the volume of fluid 
(VOF) method and a mesh of 1 200 000 elements were used for the results shown in Figure 5, 
which were in qualitative agreement with the experimental flow visualization results.  

 

 

 

 

 

 

 

 

 

 

Figure 5 Instantaneous flow pattern of air-water flow in a model CANDU header/feeder system. 

 
 
Highly Qualified Personnel 
 
The following persons have been engaged in this project. 

 Hassan Shaban, Ph.D. student: Numerical simulations of two-phase flows. 

 Etienne Lessard, M.A.Sc. student: Construction of the water-air two-phase flow loop and 
measurement of two-phase flow in a horizontal pipe with wire-mesh sensors. 

 Dr. Yuan Liu, Research Assistant (completed): Evaluation of CFD methods for two-
phase flows. 

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

                                                
3
 Z. Teclemariam, H.M. Soliman, G.E. Sims, and J.E. Kowalski,  2003. Experimental investigation of the 

two-phase flow distribution in the outlets of a horizontal multi-branch header, Nucl. Eng. Des., vol. 222, 
pp. 29–39. 
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Interaction with Industrial Partners 

The University of Ottawa team is in close contact with AECL staff, particularly Mr. Jun Yang, 
Thermalhydraulics Development Branch, having frequent discussions concerning research 
plans and priorities. AECL has provided us with two wire mesh sensors and associated 
hardware and software. 
 
Anticipated Benefits to Industry 

During loss of coolant accidents (LOCA), two-phase flow could occur in the CANDU headers 
and the distribution of the two phases is found to be uneven in the feeder pipes. This could 
mean that some fuel channels would receive little or no cooling, which may lead to fuel 
meltdown. This research program aims at producing original measurements and numerical 
simulations that will enhance the information and tools available to AECL 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 AECL with wire-mesh sensors. In the longer term, the results will be used to assist AECL 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 AECL.  This research will enable the University of 
Ottawa to train 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 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 
 
Some preliminary results have already been reported as follows. 

 
Tavoularis, S., D. Chang, E. Rind, G. Choueiri, Y. Liu, H. Shaban and E. Lessard, 2011.  
Experimental and Computational Thermalhydraulics Research Related to CANDU Reactor 
Operation and Safety, Intern. Conference on Future of Heavy Water Reactors (HWR-Future), 
Ottawa, Canada, October 2-5, 2011. 

 
H. Shaban and S. Tavoularis, 2011. CFD modelling of multi-phase flows, Thousand Islands 
Fluid Dynamics Meeting, T.I.M. 2011, Gananoque, Canada. 

 
E. Lessard and S. Tavoularis, 2011. Measurements in air-water flows using wire-mesh sensors, 
Thousand Islands Fluid Dynamics Meeting, T.I.M. 2011, Gananoque, Canada. 

 
Liu, Y. and S. Tavoularis, 2011. Evaluation of Three CFD Codes for the Numerical Simulation of 
Air-Water Bubbly and Slug Flows in Vertical Pipes, Technical Report UOME-TPF-2011-01, 108 
p. 
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UOIT – Shahram Shahbazpanahi   CRD  

 

CRD Title: Advancement of Sensor Array Processing and MIMO Signal 

Processing for Non-destructive Testing 
 
 
Overview 
 
In this NSERC Collaborative Research and Development Grant 
proposal, we propose to study the applications of sensor array 
processing and multiple input multiple output (MIMO) imaging to 
ultrasonic non-destructive testing (NDT) in nuclear power plants. 
NDT is a type of analysis performed on a completed product to 
detect fatigue effects and structural imperfections. Such 
processes utilize ultrasounds, infrared radiation, x-rays, and 
other techniques, to ensure that products are not damaged or 
destroyed during the testing process, thereby providing a 
balance between quality control and cost effectiveness. 
Additionally, NDT can be used to ensure safety and quality, 
increase production and serviceability, and to extend the life of 
equipment and systems components. As one of the significant breakthroughs in wireless 
communications, MIMO signal processing has been widely investigated as a means used to 
increase reliability and data throughput in the area of wireless connectivity. In MIMO 
communications schemes, the transmitter and the receiver are equipped with multiple antennas, 
thereby providing more reliable communication and/or higher data rates as compared to 
traditional single antenna transmission-reception schemes. More recently, MIMO techniques 
have found their applications in radar systems. Known as MIMO radars, these systems employ 
multiple antennas to transmit temporally short but high-frequency electromagnetic bursts toward 
targets (reflectors) that are under surveillance. Once these bursts are reflected back towards the 
radar, they are recorded using multiple antennas and processed afterward to extract the 
information of interest about the targets and obtain an image of the environment under 
surveillance. Similar techniques are used in sonar systems where the localization of moving 
objects (such as ships and submarines) in the sea water is of particular interest. In NDT imaging 
applications, MIMO signal processing involves two tasks: i) designing the signals that are to be 
transmitted on multiple transmitters, and ii) processing the signals received by multiple receivers 
in order to ensure that the most accurate images are obtained. The objective of the project is to 
apply MIMO imaging and sensor array signal processing techniques to the development of new 
design tools for the ultrasonic non-destructive testing of nuclear power plants and systems 
therein. In nuclear power plants, certain surfaces and materials require proper maintenance and 
inspection as they are critical to the safe operation of the plant. As compared to current 
methods, this project will provide OPG inspection operators with superior ability to detect cracks 
and thinning in these surfaces. Based on the recent breakthroughs in the areas of array signal 
processing, our objective is to develop and apply novel techniques for NDT in the nuclear 
industry. The project will investigate MIMO signal processing methods for imaging, array 
calibration techniques, wideband and vector sensor processing tools as well as high-resolution 
and distributed source (reflector) localization approaches. 
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Time Reversal Bayesian Ultrasonic Array Imaging for Non-destructive Testing:  
 
In ultrasonic non-destructive testing (NDT), it is desirable to have as much information as 
possible about the size, orientation, and shape of a defect (e.g. cracks, thinning, porosity, etc.). 
But due to the reflections from numerous dispersive modes and the mode conversion that 
occurs at the defects, the resulting images become very difficult to interpret. This is due to the 
fact that in the received signals, different modes appear as replicas of the original excitation 
waveform that arrive at different times; which is quite similar to the effect of the multipath wave 
propagation. One of the powerful adaptive focusing techniques in complex and heterogeneous 
media is time reversal (TR). Our objective in this project is to use TR coupled with the Bayesian 
estimation framework, for NDT applications, in order to compensate for dispersive and multi-
modal effects of the acoustic waves and to obtain images of defects which are easier to 
interpret. We present a linear acoustic model for imaging using TR and reconstruct the image 
using time reversal linear beamformer which minimizes the overall image reconstruction error in 
a mean square sense. TR shows a potential for reducing false target locations due to multi-
modal effects, which is verified by our numerical simulations conducted using the DREAM 
software. 
 
Active Array Parametric Localization of Distributed Reflectors for Near-Field NDT Applications:  
 
Sources and reflectors are considered as point sources in most application including sonar, 
radar, communication and non-destructive testing; however, in many applications including 
NDE, reflectors are distributed sources. The distributed reflector model is more appropriate than 
a point scatter modeling in most NDE application. Distributed reflector localization has been 
initially proposed for passive array and in far-field applications. In immersive NDT applications, 
where the material under test is immersed in a liquid, the interface between material and the 
liquid causes a strong interfering reflection which is spatially distributed by its nature. The shape 
of the upper surface also affects the spatial signature of all the points inside material. Therefore, 
finding the shape of this surface plays a critical role in accurately imaging the region of interest 
(ROI). In this study, we have modeled the upper surface of the pipe under test as distributed 
reflector. Assuming a piece-wise linear distributed for this interface, we have reconstructed the 
shape of this surface by finding the parameters of each part, using computer simulation. With 
having a rough estimation of the upper surface of the pipe and considering the inner surface of 
the pipe as another distributed source, we modeled the received signal at sensor array causing 
by the reflection of the inner surface. Having the shape of the upper and inner surface of the 
pipe, any kind of defects (e.g., cracks, thinning…) under this surface can be characterized more 
precisely. 
 
Adaptive Beamformers for Multi-Modal Ultrasonic Array Imaging:  
 
It has become evident that, in addition to the desired signals from the defect, array inspections 
result in a range of imaging artifacts. As in conventional ultrasonics, these are due to some 
combination of multiple reverberations, mode conversions, and noise interfering with the signal 
of interest. Strategies for the unambiguous identification of defects must therefore include 
characterization of these artifacts as part of the inspection validation process.  Previous work in 
NDT mostly focus on applying the traditional delay-and-sum (DAS) to align the received signals 
with the reference sensor and then summing them up to image the ROI. The Total Focusing 
Method (TFM) is another approach in which the full data set is used to produce an image where 
the array focuses in transmission and reception at every point in the ROI. However DAS and 
TFM are independent of data, therefore, they provide lower resolution and worse interference 
suppression capability comparing with the adaptive beamforming techniques. In this work, we 
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apply the Minimum Variance Distortionless Response (MVDR) principle to NDT applications. It 
is worth noting that one of the most typical reasons of performance degradation of adaptive 
beamfomers is a mismatch between the presumed and the actual array responses to the 
desired signal. In ultrasonic NDT, due to mode conversion, there is a mismatch between the 
actual steering vector and the presumed one in the MVDR pseduespectrum. In this project, we 
exploit both the dominant modes (e.g., L and S modes) in the steering vector and proposed a 
modified spectrum for the MVDR, considering mode conversion effects into account. Through 
numerical simulations and data measurements, it is shown that the modified MVDR algorithm 
performs better comparing with the DAS beamformer and TFM in terms of root mean square 
error (RMSE) and also provides higher resolution and better sidelobe and mode suppression 
capabilities.  
 
Applying Adaptive Imaging (Capon, MUSIC) to Simulated and Measurement Data: 
 
Continuing the above mentioned research, we apply data-dependent adaptive imaging 
techniques such as Capon and Multiple Signal Classification (MUSIC) principles to NDT 
applications. We consider the effect of multi-modal propagation and mode-conversion into 
account and propose modified MUSIC and Capon algorithms which exploit the information from 
different modes and provide better imaging resolution capability, as compared to the DAS and 
TFM. We investigate the performance of our proposed methods with both the synthetic and 
measurement data. For the simulation data, linear array with equally spaced rectangular 
transducers is used to image point targets. We showed that the modified MUSIC and Capon 
outperformers the DAS and standard MUSIC and MVDR imaging techniques with higher 
resolution, lower side lobes and lower root-mean-square errors (RMSE) in different SNRs. 
Through experimental validation, we test the performance of the proposed algorithms and 
compare them with the Total Focusing Method (TFM) and B-scan images. The researchers from 
the NDT lab in Bristol, kindly shared with us the sample data from an aluminum block of 5 slots 
(using wire EDM). The results show that the modified MVDR is able to correct the effects of the 
image artifacts present in the B-scan and TFM images, as well as provide higher resolution 
images. 
 
 
Research Team 
 
Currently the research team consists of the following personnel. 
 

1. Prof. Shahram ShahbazPanahi, Principal Investigator 
2. Prof. Shahryar Rahnamayan, Co-Investigator  
3. Dr. Foroohar Foroozan: Joining the team as a Postdoctoral Fellow in January 2011, she 

has been working on the following topics: 

 Time Reversal Bayesian Ultrasonic Array Imaging for Non-destructive Testing.  

 Adaptive Beamformers for Multi-Modal Ultrasonic Array Imaging. 

 Applying Adaptive Imaging (Capon, MUSIC) to Simulated and Measurement Data. 
4. Ms Nasim Moallemi: She joined the team in January 2011 as a PhD student and is 

currently working on:  

 Active Array Parametric Localization of Distributed Reflectors for Near-Field NDT 
Applications. 

5. Mr. Yaser Matar: He started as a Master student in September 2011 and is currently 
taking his course load while studying about the fundamentals of non-destructive testing. 
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He is working on considering multipath in layered media with the aim of improving the 
quality of the image in such media. 

6. Mr. Aras Azimipanah: He started as a Master student in September 2011 and is 
currently taking his course load while studying about the fundamentals of non-
destructive testing. He is helping Dr. Foroozan with measurement data. 

7. Mr. Shaho S. Panahi: He joined the team as a Research Associate (soon to be Master 
student) and is currently studying about state-of-the-art image processing techniques for 
NDT applications. He is working under the supervision of Dr. Rahnamayan. 

 

The research teams benefit from the following  industry representatives 

 

1. Mr. Shaddy Shokralla, OPG 
2. Mr. Stuart Craig 
3. Mr. Andrew Glovers 

 

So far, the research team has had four meetings with the industry representative on a quarterly 
basis. During these meetings, members of the team have presented the results of their latest 
results. The feedback received from the industry representative was very helpful in properly 
positioning the research into the context of the available technology. 
 
 
Conferences 
 

1. Foroohar Foroozan (UOIT), Shahram ShahbazPanahi (UOIT), Nasim Moallemi (UOIT), 
and Shaddy Shokralla (OPG), “Time Reversal Bayesian Ultrasonic Array Imaging for 
Non-destructive Testing”. in Proceedings of the Asilomar Conference on Signals, 
Systems, and Computers, 2011. 
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University of Waterloo – Wei-Chau Xie   CRD 

 

CRD Title: Seismic Risk Analysis of Nuclear Plants 
 
 
Overview 
 
Most of the seismic analysis and design methods were developed for 
Conventional Seismic Design Spectrum (CSDS). Since Uniform Hazard 
Spectra (UHS) is established under a probabilistic framework, it is not 
reasonable to transplant the existing methods for CSDS en masse to 
UHS. 
 
The objective of the proposed research is to develop a probabilistic 
framework of analysis, in terms of risk and reliability, which is consistent 
with UHS yet simple enough to be used by practicing engineers, for 
seismic risk analysis of NPPs. More specifically, the project will provide 
methodologies for Seismic Response History Analysis (SRHA) and 
Seismic Response Spectral Analysis (SRSA) using Probabilistic 
Seismic Hazard Analysis (PSHA).  
 
 
Progress 
 
This CRD project officially started in January 2011. Four PhD students (Shun-Hao Ni, De-Yi 
Zhang, Bo Li, and Zhao-Liang Wang) are currently working in the project. Progress has been 
made in the following areas: 
 
Seismic Design Spectra 

A generalized approach has been developed to generate seismic design spectra, named 
Vector-valued Uniform Hazard Spectra (VUHS), Vector-valued Non-uniform Hazard Spectra 
(VNHS), and Vector-valued Conditional Uniform Hazard Spectra (VCUHS), using both scalar 
and vector-valued PSHA. The approach overcomes deficiencies of conventional uniform hazard 
spectra (UHS). The fully probabilistic seismic design spectra generated can be easily 
incorporated into reliability- and performance-based seismic design of NPPs. 
 
Seismic Design Ground Motions 

A series of approaches have been developed for the generation of individual, tri-directional, 
multiple, and spatially-varying earthquake ground motions for NPPs. The response spectra of 
the generated ground motions are compatible with the target seismic design spectra as required 
by design codes and standards. The individual, multiple, and tri-directional ground motions are 
generated based on Hilbert-Huang Transform (HHT) and actual earthquake records, which 
preserves non-stationary characteristics of recorded strong motions. The spatially-varying 
ground motions are simulated using random vibration theory and considering detailed local site 
effects. 
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Site Response Analysis 

A multivariate probabilistic model of soil-site amplification has been established by considering 
all significant uncertainties from local seismic hazard, site-specific nonlinear soil properties, and 
input motions at rock site. By incorporating the probabilistic model of soil-site amplification into 
PSHA, VUHS at ground surface considering soil-site effects are obtained. Since VUHS at 
ground surface account for simultaneous exceedance of spectral accelerations at multiple 
periods, they not only reflect realistic seismic responses of soil profiles, but also provide a basis 
for reliability- and performance-based design of NPPs. 
 
Seismic Risk Analysis 

A simplified Vector-valued Seismic Risk Analysis (VSRA) approach has been developed for 
seismic analysis of NPPs. The vector-valued seismic hazard model from vector-valued PSHA is 
simplified based on Vector-valued Seismic Hazard Deaggregation (VSHD). Time-consuming 
numerical integrations in the standard formulation of vector-valued PSHA are then avoided. 
Ground motion parameters used for further structural analysis can be extracted directly from the 
results of VSHD. The proposed approach greatly improves the efficiency of seismic risk analysis 
without losing computational accuracy and resorting to extensive PSHA from seismologists. 
 

Publications 

1. Shun-Hao Ni, De-Yi Zhang, Wei-Chau Xie, and Mahesh Pandey, “Vector-Valued Uniform 
Hazard Spectra,” Earthquake Spectra, accepted. 

2. Shun-Hao Ni, Wei-Chau Xie, and Mahesh Pandey, 2011, “Tri-Directional Spectrum-
Compatible Earthquake Time-Histories for Nuclear Energy Facilities,” Nuclear Engineering 
and Design, 241 2732–2743. 

3. Shun-Hao Ni, Wei-Chau Xie, and Mahesh Pandey, 2011, “Application of Hilbert-Huang 
Transform in Generating Spectrum-compatible Earthquake Time-histories,” ISRN Signal 
Processing, 2011, Article ID 563678, 17 pages, doi:10.5402/2011/563678. 

4. Shun-Hao Ni, Wei-Chau Xie, and Mahesh Pandey, “Generation of Multiple Spectrum-
Compatible Earthquake Time-Histories Using Hilbert-Huang Transform,” Journal of 
Structural Safety, submitted. 

5. De-Yi Zhang, Shun-Hao Ni, Wei-Chau Xie, and Mahesh Pandey, “Multivariate Distribution 
Models for Design Spectral Accelerations on Uniform Hazard Spectra,” Nuclear Engineering 
and Design, submitted. 

6. Shun-Hao Ni, De-Yi Zhang, Wei-Chau Xie, and Mahesh D. Pandey, 2011, “Vector-Valued 
Uniform Hazard Spectra,” UNENE Student Posters, December 12-13, 2011, Toronto, 
Ontario, Canada. 

7. De-Yi Zhang, Wei-Chau Xie, and Mahesh D. Pandey, 2011, “Influence of Varying Site 
Condition on the Coherency Loss of Spatially Correlated Earthquake Motions,” UNENE 
Student Posters, December 12-13, 2011, Toronto, Ontario, Canada. 

8. Shun-Hao Ni, De-Yi Zhang, Wei-Chau Xie, and Mahesh D. Pandey, 2011, “Multivariate 
Distribution Models for Design Spectral Accelerations Based on Uniform Hazard Spectra,” 
2011 Pan-Am CGS Geotechnical Conference, October 2-6, 2011, Toronto, Ontario, 
Canada. 

9. Shun-Hao Ni, De-Yi Zhang, Wei-Chau Xie, and Mahesh D. Pandey, 2011, “Multivariate 
Distribution Models for Design Spectral Accelerations Based on Uniform Hazard Spectra,” 
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2011 Pan-Am CGS Geotechnical Conference, October 2-6, 2011, Toronto, Ontario, 
Canada. 

10. Shun-Hao Ni, Wei-Chau Xie, and Mahesh D. Pandey, 2011, “Tri-Directional Spectrum 
Compatible Earthquake Time-Histories for Nuclear Energy Facilities,” Canadian Nuclear 
Society Annual Conference 2011, June 5-6, 2011, Niagara Falls, Ontario, Canada. 
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