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science and technology enabling canada’s tier 1 
nuclear sector

Dr. Robert Walker, President & CEO, AECL

Atomic Energy of Canada Limited, Chalk River Laboratories, Chalk River, Ontario, Canada, K0J 1J0

technology, or more explicitly the globalization of science 
and technology, has contributed directly to this new reality.

The resultant dynamics in societies and nations are chal-
lenging leaders to adapt public policy to address simulta-
neously the competing priorities of public-sector debt and 
deficits, sustainable economic growth and the evolving 
needs of public health, safety and security.  But with these 
challenges also comes opportunity – opportunity for those 
sectors that recognize and leverage their strategic advan-
tage in a manner appropriately adapted to today’s realities.

Canada is a Tier 1 Nuclear Nation

To chart a path to the future, one must first understand 
where one is today.

Canada is a Tier 1 Nuclear Nation - one of a small number of 
countries with a comprehensive nuclear sector.  Canada is 
committed to nuclear energy, with nuclear utilities operat-
ing in three provinces.  Our utilities have been consistently 
ranked as among the best in the world for safe, reliable per-
formance.  The standards are rightly very high.  Our nuclear 
utilities reside in host communities where mutual respect 
and trust have been established and sustained.  Canada has 
an internationally respected, independent regulator op-
erating in a coherent legislative and legal framework that   

Welcome to the inaugural issue of Atomic Energy of Canada 
Limited’s AECL Nuclear Review.  We at AECL are dedicating 
this journal to the dissemination of the latest science and 
technology (S&T) information through the work of AECL 
and its partners, and by so doing, we will contribute to the 
advancement of the peaceful, safe and trusted use of nucle-
ar technology for the betterment of Canada and the world.

AECL is Canada’s premier nuclear science and technol-
ogy organization.  2012 is a milestone year for AECL as it 
celebrates 60 years as a world leader in the development 
and deployment of peaceful and innovative applications of 
nuclear technology, enabled by its deep expertise in phys-
ics, metallurgy, chemistry, biology, ecology and engineering.  
Through its journey, AECL has contributed to the creation 
and sustainment of a strong domestic nuclear sector.  Our 
nuclear sector today, without a doubt, has a strong founda-
tion on which to build.  

However, as we in the sector reflect on its future, we see 
immediately that today’s world, which sets today’s context 
for civil nuclear technology and nuclear energy, is far dif-
ferent than it was for much of the sector’s previous history.  
Globalization, interconnected societies, climate change – 
these are each terms used to characterize today’s reality.  
Our world has become smaller, interdependent, and more 
complex, with an accelerating pace of change. Science and 



2

regulation, operations, education, engineering and manu-
facturing and research, science and technology.  Sustain-
ing highly qualified people is a matter of both quantity and 
quality; they must be supported by a system of enablers 
that promote the movement of people across government, 
academic and industry sectors.

A Tier 1 Nuclear Nation values innovation. Focussing our sec-
tor on technological innovation is enormously important, 
particularly in such a capital-intensive industry as ours, but 
indeed innovation has many aspects to it. Business innova-
tion is about how we work and how we translate good ideas 
into operational or commercial success.  For example, the 
concept of a performance-driven supply chain is a business 
innovation.  As opposed to a customer saying to its suppli-
ers “Here is a technical specification, please build to this 
specification”, our industry could do as the aerospace and 
automotive sectors did decades ago, that is, say “Here is the 
performance objective, please provide the best solution to 
meet this performance within our stringent safety and se-
curity requirements”.  This approach rewards innovation 
by setting conditions that stimulate increased productivity 
and profitability. It also affords the opportunity to leverage 
our sector’s unique technological advances for competitive 
advantage in other nuclear platform supply chains or in 
other markets.  

A Tier 1 Nuclear Nation is resilient in the face of volatility 
in the market. The reality is that the nuclear-energy busi-
ness tends to fluctuate episodically with new build and 
refurbishments as intensive a periodic opportunities inter-
spersed with services.  The challenge is how to sustain sec-
tor capabilities and capacity to be responsive and resilient 
to that reality.  For example, a supply chain that is able to 
lever its technology, production and service offerings into 
non-nuclear sectors will expand its market space and sus-
tain growth while building competitive advantage. 

A Tier 1 Nuclear Nation exploits public-private partnerships. 
The nuclear business is capital intensive, with long lead 
times for project design through implementation.  Access 
to long-term “patient” capital is a necessary ingredient to 
success.  Innovative business models that bring together 
the strengths of the public and private sectors in managing 
program risk can provide competitive advantage.

A Tier 1 Nuclear Nation builds and sustains public trust.  Pub-
lic trust takes time to build, and can be all too easily lost.  A 
simple reality must be acknowledged - humans have a natu-
ral inclination to fear radiation.  Trust must be built on the 
principles of transparency, accountability, effective regula-
tion, objective discourse – and on accessible science.

A Tier 1 Nuclear Nation has reliable domestic access to nu-
clear science and technology expertise and infrastructure.  
The advancement of nuclear technology, the sustainment of
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meets and exceeds international expectations.  Canada is a 
sought-out and active contributor to the advancement and 
implementation of international nuclear safety and security 
policies and standards.  Canada has a robust domestic sup-
ply chain from mining through manufacturing and services, 
anchored by a domestic nuclear reactor original equipment 
manufacturer (OEM).  Canada has a vibrant network of col-
leges and universities that are educating our next genera-
tion of nuclear workers while providing the appropriate re-
search to augment their training.  And Canada has the AECL 
Nuclear Laboratories, the home of critical nuclear science 
and technology expertise and licensed infrastructure that 
contributes to Canada’s nuclear policy, regulatory frame-
work, operational effectiveness, education and technologi-
cal capabilities.

Attributes of a Tier 1 Nuclear Nation that Build Strategic 
Advantage

A Tier 1 Nuclear Nation today; but what of tomorrow?

An answer to this question emerges through an assessment 
of the attributes – what “good” looks like - that would pro-
vide or sustain strategic advantage for our nuclear sector 
into the future. Following are a possible set of such attri-
butes around which the nuclear sector could rally its col-
lective efforts.

A Tier 1 Nuclear Nation has a supply chain that is interna-
tionally competitive, with a demanding domestic market to 
help establish its credentials. Being internationally com-
petitive requires that we understand what provides this 
competitive advantage. It also requires an understanding 
of the unique social, economic and public policy needs of 
the market.  Our domestic nuclear platform, the CANDU®, is 
particularly noteworthy; CANDU has a strategic advantage.  
It is important that we understand and leverage that stra-
tegic advantage in domestic and international markets, rec-
ognize how it is complementary to other nuclear platforms, 
and appreciate how it plays into the public-policy priorities 
of customer nations. 

A Tier 1 Nuclear Nation has a credible regulator who attests 
to the world that the country’s nuclear solutions are safe. A 
necessary ingredient to sustained public trust is a credible 
regulatory system founded in fact; good science is a core in-
gredient to good regulation.  There are many issues where 
the voice of science is needed to both inform regulatory 
decisions and to underpin the technological solutions that 
must respond to regulatory direction. 

A Tier 1 Nuclear Nation has a sustained supply of highly 
qualified people. This supply must be enabled by appro-
priate education, economic development and immigra-
tion policies and systems. We aspire to attract Canada’s 
best and brightest into careers that span public policy and 

science and technology enabling canada’s tier 1 nuclear sector
dr. robert walker
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nuclear science and technology activities is a powerful 
mechanism of experiential learning for students, policy 
makers, regulatory staff, operators, industrialists, scientists, 
engineers and technologists.  For example, AECL’s approach 
to the execution of its comprehensive suite of S&T activities 
is to value collaboration across a broad set of nuclear sec-
tor partners, as well as to make AECL’s unique nuclear S&T 
facilities accessible to others for their needs. 

S&T enables business innovation through a performance-
driven supply chain. Science and technology helps trans-
late nuclear utilities’ and  OEM performance specifications 
into cost-effective technological solutions, demonstrating 
that these solutions meet demanding safety requirements 
while at the same time driving commercial competitive ad-
vantage.  For example, AECL is expanding its efforts to help 
Canadian Small- and Medium-Sized Enterprises (SMEs) in 
the nuclear supply chain not only advance their technologi-
cal solutions but also validate that these solutions meet and 
exceed regulatory requirements.

S&T enables sector resilience through the development of 
dual-use technologies. Technological solutions developed to 
meet the very demanding requirements of the nuclear en-
vironment can also provide competitive advantage in other 
industry sectors.  For example, AECL has a rich history of 
working with suppliers in the development of robotic tool-
ing for nuclear reactor maintenance and repair.  These ro-
botic solutions have potential application in the harsh envi-
ronments found in other industries, such as petro-chemical 
and mining.

S&T enables a holistic perspective through an integrated life-
cycle outlook. The cost effectiveness of nuclear technology 
in general, and of nuclear energy in particular, requires a 
holistic view of the entire lifecycle including mining and fuel 
production, plant licensing, new build, operation, refurbish-
ment, decommissioning and waste management.  Science 
and technology can help inform the entire lifecycle design 
to improve overall system economics and to help identify 
the substantial cost and effectiveness drivers.  AECL has the 
integrated S&T expertise and capabilities to nurture this 
holistic view within Canada’s nuclear sector.

Conclusion

Canada has a rich history of success in nuclear technology, 
built over many decades.  It is a solid foundation on which 
we can build.  Sustaining Canada’s Tier 1 nuclear status 
will require a shared vision of where we want to take our 
nuclear sector into the future.  Science and technology has 
a critical role to play in this journey and AECL, through this 
new journal, intends to share information on the latest S&T 
advances that are helping our sector along this journey. 

nuclear operations and the regulation of both the technol-
ogy and operations require large-scale licensed science and 
technology facilities.  These facilities must be capitalized 
and sustained through an appropriate sharing of public- 
and private-sector investments.

An assessment of Canada’s status today relative to these at-
tributes identifies both strengths and opportunities for im-
provement.  How do we nourish our strengths and address 
the areas for improvement?  One approach is through the 
effective use of science and technology.

Science and Technology Enables Strategic Advantage

Science and technology, appropriately harnessed, can be a 
key contributor to the realization of the above attributes, 
thereby enabling the strategic advantage of our nuclear 
sector.  But where and how do we align effort across the 
science and technology community - and the investments 
being made in the efforts of this community - to help ensure 
we are sustaining our Tier 1 status?  

Here are some thoughts regarding a framework for helping 
build this alignment, with reference to specific examples of 
how AECL’s science and technology efforts are contributing.

S&T enables sector competitivity through CANDU’s strate-
gic advantage. CANDU’s strategic advantage is rooted in 
the flexibility of its fuel cycles, which in turn provides the 
opportunity for CANDU to complement, not compete with, 
alternative nuclear reactor designs in markets where this 
fuel cycle flexibility is of strategic value.  For example, AECL 
has continually strived to evolve the current CANDU reac-
tor design, particularly through a program called CANDU-X, 
which evolved the CANDU design over the years into a su-
percritical water-cooled reactor concept, which meets the 
objectives of the Generation IV International Forum; a safer, 
sustainable, economical and more proliferation resistant 
and physically secure design that retains CANDU’s original 
fuel cycle advantage.

S&T enables public trust through science-informed regu-
lation. In light of the March 2011 Fukushima Diachi reac-
tor accident, there is renewed regulatory focus on nuclear 
emergency response and on the long-term effects of low 
level radiation on humans and non-human biota.  For exam-
ple, AECL is working with a broad set of partners to advance 
the scientific community’s understanding of the biological 
mechanisms associated with the long-term exposure of 
biota to low-level radiation in the environment.  This sci-
entific knowledge is critical to establishing the factual basis 
for regulation and for managing the response to nuclear in-
cidents in the future.

S&T enables sector capability through its experiential 
learning for its highly qualified workforce.  Engagement in 

science and technology enabling canada’s tier 1 nuclear sector
dr. robert walker
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1. Introduction

A significant challenge in determining the feasibility of extending the life of nu-
clear power plants is to quantitatively predict remaining life, up to 60 to 80 years 
of service, of existing components after 20 to 30 years of service to date.  In some 
cases, there is no in-service record of degradation, which introduces uncertainty 
in predictive approaches that can be used to assess future component and system 
performance.  Laboratory data are often conservative in predicting materials per-
formance, although there are striking examples where laboratory data predicted 
in-service corrosion, for instance, the work of Coriou, which highlighted the sus-
ceptibility of Alloy 600 to stress corrosion cracking (SCC) in hot pure water [1].  
In other cases, in-service degradation has occurred, which was not predicted by 
mechanistic studies.  An example of this is the carbon steel cracking in primary heat 
transport system (PHTS) water at one CANDU plant, which remains unexplained 
mechanistically.  Further, much of the laboratory data have been obtained using 
essentially static conditions in the sense that the test environment did not change 
significantly with time.  It is well established that actual plant operation is such 
that key components such as SGs and PHTS components are subjected to fluctuat-
ing conditions; thus, over long operating lives, these components experience many 
changes in pH, chemistry, electrochemical corrosion potential (ECP), mechanical 
loading and temperature.  The accumulation of these stresses and especially syn-
ergistic effects between them, on component condition has not been evaluated 
with laboratory testing but remains an issue for long term performance.  Some ap-
proaches to this for SG tubing will be discussed.

In this paper, the focus will be on two key materials and issues; one is Alloy 800 
steam generator (SG) tubing performance in CANDU service, and recent results 
from PWR reactor SG experience, which have resulted in a need to re-evaluate the 
R&D required to address this operating experience.  The other is flow accelerat-
ed corrosion (FAC) and intergranular stress corrosion cracking (IGSCC) of carbon 
steel in various CANDU systems and components.  These topics will be addressed 
in some detail, but other materials’ aging and degradation issues of interest for the 
longer term will be mentioned, including those related to electrical cables, concrete 
structures and balance of plant piping, and the associated R&D in place to assess 
these components.

2. Alloy 800 Steam Generator Tubing

After more than 30 years of corrosion-free in-service experience with Alloy 800, 
there have been recent reports of secondary side IGSCC detected in this material 
[2], which requires understanding in order to determine whether this degrada-
tion is of wider concern, or even the start of a much more serious future concern 
[3].  To date, there has been no IGSCC of Alloy 800 in CANDU SG service, although 

As so-called second-generation power 

reactors are approaching the end of their 

original design lives, assessments are being 

made to determine the feasibility and 

economics of extending plant life.  Although 

components exposed to neutron and gamma 

irradiation are often those of most concern 

in terms of in-service ageing and continued 

fitness for service, ageing of out-of-core 

components can also limit the possibility of 

extended service life beyond design life.  In 

CANDU® reactors, life extension decisions 

occur when the Zr-2.5Nb pressure tubes 

reach end of life, typically after about 25 

years of service for the first CANDU-6 units.  

At the time of pressure tube replacements, 

the remaining life predictions for several 

other major components or systems provide 

the information required to determine 

life extension feasibility.  Several CANDU 

reactors are currently being refurbished, 

with others planned, and experience to 

date shows that the steam generators, 

heat transport system piping and various 

balance of plant piping systems are typically 

those requiring careful assessment to ensure 

successful refurbishment.  In this paper, we 

discuss AECL R&D that is oriented towards 

providing the chemistry and materials 

inputs required to assess current condition 

and predict future ageing of CANDU reactor 

out-of-core components and systems, and 

in particular steam generators (Alloy 800 

tubing and carbon steel internals), feeder 

pipes and related heat transport system 

piping (carbon steel flow accelerated 

corrosion, feeder cracking).  Systems and 

components that may impact future life will 

also be discussed, along with the related 

R&D, and this includes balance of plant 

system piping (feedwater piping and buried 

piping), cables and concrete structures.

Abstract
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Figure 1
Schematical illustration of the SCC susceptibility of Alloy 
800 and other Ni-base alloys in pure water or 0.1% chloride 
solution at 350˚C. (Courtesy R.W. Staehle; based on Coriou 
data).

there has been some secondary side pitting detected.  Alloy 
800 was originally selected for CANDU SGs because of its 
predicted excellent resistance to primary side SCC (PWSCC; 
primary water SCC), and no susceptibility to PWSCC has 
been found in laboratory testing or in service.  Figure 1 
schematically illustrates the relative behaviour of Alloy 800 
and other Ni-base alloys to a range of environments, indi-
cating its suitability for SG applications.

For some time, the R&D carried out on CANDU SG tube cor-
rosion has addressed all three materials listed in Table 2, 
and in some cases Alloy 690TT has also been evaluated for 
benchmarking purposes.  In the mid-1990’s, it was also de-
cided to use a consistent set of crevice chemistries as the 
basis for corrosion testing.  These chemistries, outlined 
in Table 3, were determined based on hideout return and 
MULTEQ calculations from Bruce A SGs, where the crevice 
chemistry of the Alloy 600-tubed Bruce A SGs was taken as 
the basis because of significant corrosion experienced there 
starting in the late 1980’s [4].  Addition of Pb compounds to 
these solutions increases the pH slightly.  Two significant 
aspects dominated the Bruce A SG tubing degradation; one 
was the presence of sulphates (with several sulphuric acid 
excursions) and consequent acidic crevice chemistries, and 
the other was the inadvertent introduction of a lead blanket 
into one of the Bruce A SGs, resulting in a significant onset 
of IGSCC [5].  Hence there has been focus on the role of both 
impurities, and combinations of these with other poten-
tially corrosive impurities, in evaluating the response of all 
four materials under plausible CANDU off-specification SG 
operating conditions.  Much of this work has been carried 
out using electrochemical techniques, and results using this 
approach will be the emphasis in what follows.

Table 1
Summary of Alloy 800 SG Tubing Service and Associated 
Degradation Reports

Table 1 summarizes the available in-service Alloy 800 SG 
tubing corrosion degradation data.  Note that only in-ser-
vice corrosion-related or corrosion-suspected data are in-
cluded; there are many more incidents of tube damage and/
or plugging as a consequence of mechanical issues, such as 
fretting against supports and loose parts damage.  These 
data, along with the R&D data to be discussed shortly, in-
dicate that a deterministic assessment of long-term future 
performance of Alloy 800 in CANDU service is impracti-
cal; rather a probabilistic approach is required that can be 
adapted to data as they become available. 

2.1 Recent CANDU-Related R&D on Alloy 800

CANDU reactors have a variety of SG tubing materials, 
de-pending on their design and age.  Table 2 summarizes 
these materials, along with a summary of any corrosion-
related degradation experienced in CANDU service.  Note 
that Indian Pressurized Heavy Water Reactors (PHWRs) 
have SGs tubed with both Alloy 400 (earlier PHWRs) and 
Alloy 800 (recent 220 MWe PHWRs, 540 MWe PHWRs 
and planned 700 MWe PHWRs), and there have been no 
reported corrosion-related issues with the Alloy 800 tubing. 

2.2 Lead in combination with impurities

For some time, it has been recognized that lead (Pb) and sul-
phur/sulphates are implicated in the corrosion, and in par-
ticular intergranular (IGSCC), of SG tube alloys (for instance, 
see reference [6]).  Lead is a potential life-limiting impurity 
for SGs, and is a secondary side impurity that is present in 
most, if not all, SGs.  As has been discussed previously [6], 
there may be a relatively low threshold concentration for Pb-
SCC of Alloy 600.  Both Alloy 800 and Alloy 690 have general-
ly better resistance to such IGSCC than Alloy 600, as typified

assessing long-term performance of candu out-of-core materials
r.l. tapping, y.c. lu, d.s mancey and z.h. walker

Unit 
(in-service 

date) 
Country Degradation 

(first detected) Location SG Inlet T 
(°C) Cause 

Point Lepreau 
(1983) 

Canada Wastage/pitting 
(1987) 

TTS1 sludge 
pile 

310 

Incorrect 
Na/PO4 ratio 

(wastage); 
condenser 

leaks (seawa-
ter; pitting) 

Darlington 
(2003,2005 and 

2006) 
Canada 

Shallow pitting 
(Reported in 2004) TSP2 (grids) 309  

Biblis A (1974) Germany 
Axial OD 

IGA/IGSCC3 (1999; 
reported 2005) 

Intra tubesheet 
(peripheral 

tubes) 
313 

Impurities; 
crevices 

(condenser 
leaks) 

Unterweser 
(1979) 

Germany Axial OD 
IGA/IGSCC (2005) 

TTS and TSP 
(grids) 

318 

Impurities; 
crevices 

(condenser 
leaks) 

Almaraz 
(1981/83 in-
service; SG 

replacements 
1996, 1997) 

Spain Circumferential 
IGSCC (?); denting 

TTS 327 

Not con-
firmed; based 
on inspection 

data (X-
probe); dent-

ing 

 

aecl Nuclear Review
vol 1, Number 1, june 2012



AECL NUCLEAR REVIEW 7

Table 2
Summary of SG Tube Materials in various CANDU Designs

by the excellent in-service performance, and also by labora-
tory investigations, especially when the evaluations are car-
ried out in realistic off-specification chemistries.  Given the 
need to assure reactor lives of 60 years or more, and conse-
quently for major components such as SGs, it is necessary to 
determine that more resistant materials such as Alloy 690 
and Alloy 800 have adequate resistance to PbSCC and other 
corrosive secondary side impurities for long service lives.

and whether sulphate could act to reduce the corrosivity of 
Pb, for example by complexing the Pb as an insoluble and 
non-corrosive complex.  As shown in Table 5, sulphate does 
not reduce the corrosivity of Pb to SG tubing.  In fact, re-
duced sulphates, thiosulphates and tetrathionates, for ex-
ample, may be the most aggressive form of sulphur found 
on the secondary side of SGs.  The reduction of sulphate to 
sulphide during operation is well-known [6], as is the for-
mation of intermediate oxidation state sulphur (IOSS) such 
as thiosulphate and tetrathionate following re-exposure to 
aerated or oxidizing conditions during SG layup, but only re-
cently has it been shown clearly that these chemistries can 
cause severe corrosion in service as a consequence of typi-
cal, although not optimal, operating conditions [5].  Given 
the widespread presence of sulphates in SGs, it seems likely 
that “reduced sulphate” or more precisely IOSS degradation 
is more widespread than has been reported. 

Figure 2
Potentiodynamic polarization curves of Alloy 800 SG tub-
ing obtained under simulated neutral SG secondary side 
crevice chemistry conditions in the presence and absence 
of 500 ppm PbO contamination.

The use of highly concentrated alkaline or acidic solu-
tions to simulate potentially corrosive crevice chemistries 
can produce overly conservative and possibly misleading 
results [7].  Preferable is the use of crevice chemistries 
that simulate the range that can be achieved within the 
experience base of chemistry upsets while operating on 
all volatile treatment (AVT) secondary side chemistry, as 
summarized in Table 3.  Thus Alloy 800 SG tube samples, 
along with other SG tubing materials, were exposed to the 
chemistries outlined in Table 3 with the addition of various 
secondary side impurities, with a focus on Pb but looking 
for synergistic corrosive effects.  Figure 2 illustrates some of 
the electrochemical data, which are assessed on the basis of 
passivity breakdown of the alloy, which is a measure of the 
susceptibility to corrosion under the test conditions.  Paral-
lel autoclave tests were used to assess the SCC susceptibility 
under the same conditions.  The results have been summa-
rized in Table 4, and are also compiled into “recommended” 
pH vs. potential zones as illustrated in Figure 3 [1].  
 
As part of this study the role of sulphates and reduced sul-
phates (thiosulphates, for example) was examined, along 
with examination of the interaction of Pb with sulphates,

Unit Country Tube Material Supports Experience 

Pickering A Canada 
Monel 400 (Alloy 

400) 
Carbon steel lattice 

bars 

Limited shallow 
pitting (significant 

sludge piles) 

Pickering B Canada 
Monel 400 (Alloy 

400) 
Carbon steel trefoil 

broach plates 
Significant pitting 

under deposits 

Bruce A Canada 
Alloy 600 (slightly 

sensitized) 
Carbon steel trefoil 

broach plates 

IGA, IGSCC, 
fatigue (early 

failures of a few 
outer row tubes) 

Bruce B Canada 
Alloy 600 (slightly 

sensitized) 
Carbon steel trefoil 

broach plates 

Minor IGA in one 
unit; FAC of 
support plates 

Darlington Canada Alloy 800 
Stainless steel 

lattice bars 

Shallow pitting in a 
few tubes near 5th 
hot leg supports 

Point Lepreau Canada Alloy 800 
Stainless steel 

trefoil broach plates 

Pitting and wastage 
(phosphate chemi-
stry until 2000) of 

some tubes in 
sludge pile areas 

Gentilly-2 Canada Alloy 800 
Stainless steel 

trefoil broach plates 
No corrosion 

Embalse Argentina Alloy 800 
Carbon steel trefoil 

broach plates 

Pitting of a few 
tubes; FAC of 
support plates 

Cernavoda 1,2 Romania Alloy 800 
Stainless steel 

lattice bars 
No corrosion 

Wolsong-1 South Korea Alloy 800 
Alloy 600 formed 

lattice bars 
No corrosion 

Wolsong 2,3,4 South Korea Alloy 800 
Stainless steel 

lattice bars 
No corrosion 

Qinshan 3-1,2 China Alloy 800 
Stainless steel 

lattice bars 
No corrosion 

 

Simulated Crevice 
Environment 

pH at temperature 
(°C) 

Solution 
Composition* 

Neutral pH at T for 
this composition 

“Neutral” crevice 
(“reference solution”) 

pH300  6.10 
pH150  6.03 

0.15M Na2SO4 

0.3M NaCl 
0.05M KCl 

0.15M CaCl2 

pH300 5.16 
pH150 5.56 

Alkaline crevice pH300 9.26 
pH150 10.10 

Add 0.4M NaOH to 
“reference solution” 

pH300 5.14 
pH150 5.56 

Acidic crevice 
pH300 3.22 
pH150 2.32 

Add 0.05M NaH-
SO4 to “reference 

solution” 

pH300 5.16 
pH150 5.56 

 

Table 3
Compositions of Simulated Crevice Solutions used for CAN-
DU SG Tube Corrosion Evaluations

Figure 3 shows that Alloy 800 is stable in a range of sec-
ondary side chemistries, and should be corrosion resistant 
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to chemistry transients that result in crevice chemistries 
within this range.  What remains to be determined is the 
allowable time to remain outside the range, and the effect 
of multiple transients in and out of the range.  These are 
conditions that can occur during operation, and extended 
service lives imply that these conditions might occur more 
often.  Both Alloy 800 and Alloy 690 have much larger safe 
ECP and crevice chemistry ranges than Alloy 600 or Alloy 
400, and thus provide more protection against transients.  
It remains to be determined if there is a cumulative effect of 
transients that can affect SG tubing behaviour beyond that 
known from service experience to date, or from laboratory 
testing [6].  What also remains to be determined is the effect 
of cold work or surface damage on long term behaviour.  Re-
cent examinations of Alloy 800 tubing removed from a CAN-
DU SG showed shallow pitting in an area with possible cold 
work [9].  Cold work can occur, for example, where tubes 
intersect support structures, as well as from fabrication de-
fects, so cold work impacts on tube life could be significant 
over long service lives.  

stations with service life spanning from two to 27 years was 
examined as part of a material aging assessment.  It was not 
possible to find archived materials that matched the heats 
of materials removed from service.  Table 5 summarizes the 
ex-service tubing assessed and results of the tests.  No evi-
dence of an aging effect was found, although it was noted 
that the aged materials appeared to have more boron on the 
grain boundaries than the archived materials.  It is not clear 
that this latter result has any significance [10].

In order to better predict future behaviour of SG compo-
nent life, and in particular tube life, R&D is also underway 
on probabilistic methodologies to make these predictions.  
Until recently, as noted earlier, Alloy 800 SG tubing had not 
been reported to have experienced any significant corro-
sion in service times up to 30 years or more.  Although this 
is still the case for CANDU SGs, recent European experience 
shows that Alloy 800 can experience significant in-service 
degradation under certain conditions.  This in-service da-
tabase, along with laboratory data, can be used to develop 
a Bayesian model for Alloy 800 tube performance over long 
times, the “degradation free lifetime”.  The details will not 
be reproduced here [11], but the conclusion is that Alloy 
800 should perform reliably for at least 60 years based on 
the current data.  It should be remembered that most of the 
laboratory data, as noted above, were generated using stat-
ic (in time and concentration) tests under various chemis-
tries, but not under transient or oscillating conditions. Thus, 
work is continuing to address the possible consequences of 
the accumulation of minor chemistry transients on the long 
term stability of Alloy 800.

Figure 3
Recommended ECP/pH zone with minimized corrosion for 
SG alloys at CANDU SG operating temperature.

Recent examinations of tubing removed from one Canadian 
CANDU SG  suggested that an ageing effect might be increas-
ing the corrosion susceptibility of the “aged” (ex-service) 
tubing, based on results from electrochemical tests, such 
as those used to develop the data shown in Figure 3.  The 
major difference between the aged material and other ma-
terials was that the Ti/C ratio of the ex-service material was 
very high, approximately 28 compared to the specification 
of >12, although this would normally be predicted to have 
a positive effect.  As a consequence of this finding, a series 
of tests was carried out on archived and ex-service tubing 
to determine if there was any evidence for an aging effect.  
Steam generator (SG) tubing removed from three CANDU

Impurity Mix Effect on Alloy 800 

PbSO4 
No evidence SO4 could immobilize Pb and reduces effect of Pb 

on SG tube degradation. 
PbCl and PbS More aggressive than PbO to all SG tube alloys 

PbO + SiO2 
Silica appears to inhibit Pb-induced degradation of SG tube 

alloys 
Al, PbO + Al Al impurities apparently have no effect on corrosion 

Cu, PbO + 
Cu 

Cu contamination increases ECP and pitting susceptibility 
(oxidant effect) 

Mg, PbO+Mg 
Mg increases ECP and decreases pitting potential. The effect of 

Mg on PbSCC requires further investigation. 

 

Table 4
Impurity Mixes Used to Evaluate Susceptibility of SG Tub-
ing to Secondary Side Corrosion

3. Carbon steel corrosion

CANDU reactors have used carbon steel (A106 Grade B) for 
PHTS piping that connects the fuel channels to the rest of 
the PHTS circuits.  Some time ago it was recognized that 
magnetite fouling of the primary side of CANDU SG tubing 
was a consequence of the corrosion of, and deposition of 
corrosion products from, carbon steels.  Subsequently it 
was recognized that this corrosion product deposition was 
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Table 5
Ex-Service Alloy 800 Tubing Examined and the Results 
Summarized 

largely a consequence of flow accelerated corrosion (FAC) 
of corrosion products from, carbon steels.  Subsequently, it 
was recognized that this corrosion product deposition was 
largely a consequence of flow accelerated corrosion (FAC) 
of the outlet feeder piping (“feeders”), and was exacerbated 
by unusually low Cr contents of the steel and local hydraulic 
behaviour.  Similarly, several cases of unexpectedly high FAC 
rates of carbon steel have occurred in the secondary side of 
CANDU SGs, where fouling-induced hydraulic disturbances 
have resulted in unanticipated damage.  Again, the role of Cr 
has been a factor in determining the pattern of damage.  In 
terms of predicting carbon steel component life, these fac-
tors need to be included, although they were not at the time 
of initial design.  Finally, the intergranular cracking found in 
some outlet feeders at one CANDU station (PLGS), although 
apparently limited to just 13 feeders at the one station [12], 
and a repaired feeder-to-feeder weld, remains a concern 
given the several thousand similar feeder pipes in service 
in other reactors and, to date, no unambiguous mechanistic 
interpretation of the cracking.

of wall thinning.  As has been discussed previously [14], 
the FAC mechanism responsible for the wall thinning found 
in CANDU outlet feeders is primarily a consequence of the 
flow of Fe-unsaturated water into the outlet feeders.  The 
PHTS coolant becomes significantly unsaturated in Fe as it 
traverses the non-ferrous zirconium alloy pressure tubes 
and is heated to ~300°C in the process, thus leaving the 
water able to dissolve more Fe [15].  This, combined with 
turbulent flow and high mass transfer as the coolant enters 
the typically tight radius bends of the outlet feeder piping, 
results in wall-thinning rates high enough to reduce feeder 
pipe life significantly (although note that these rates are 
low compared to those found at lower temperatures in 
feedwater piping).  Based on available solubility data for Fe 
and Fe3O4 some reduction in rate can be achieved by lower-
ing the pH to ~10.2 to 10.4 from the typical range of 10.2 
to 10.8, and experiments are underway to determine if the 
pH can be lowered further and achieve lower FAC rates.  
Chemistry modifications are of value to mitigate feeder 
thinning in operating reactors.  For new reactors, and for 
replaced feeders, for instance during refurbishments for 
extended life, it has been shown that specifying Cr contents 
of the steel to be ≥0.3 wt % reduces feeder thinning rates 
by 50%, demonstrated by both in-service performance and 
in- and out-reactor laboratory testing [16]. Typically the Cr 
contents of early CANDU reactor feeder pipes are very low, 
<0.02 wt % for instance, which is a consequence of the low 
Co specification originally imposed in order to reduce cor-
rosion product activation.  More recent reactors, and all new 
CANDU-6 reactors, specify higher Cr steel, while remaining 
within the A106 specification.  Given that the feeder pipe 
FAC mechanism is well understood and predictable [16], 
this degradation mechanism can be readily managed for ex-
isting and extended design lives. 

Laboratory tests using AECL’s FAC loop have demonstrated 
that the production of hydrogen by the FAC reaction can be 
completely suppressed by the presence of very low con-
centrations of dissolved oxygen, and that this suppression 
occurs without significant changes in the rate of FAC.  In 
these experimental loop tests, abrupt changes in dissolved 
oxygen concentration were made to stop and start the en-
try of atomic hydrogen into the test samples and hydrogen 
effusion probes used to measure the diffusion of hydrogen 
through carbon steel [17].

Of more concern than FAC, because there is not as good an 
understanding of the mechanistic details, has been feeder 
cracking.  Although all of the early CANDU-6 reactors have 
similarly fabricated feeder pipes, only those at Point Lep-
reau Generating Station (PLGS) have experienced cracking.  
Figure 4 shows the chronology of the detected cracks.  The 
cracking experienced at PLGS is intergranular stress cor-
rosion cracking, both from the inside and outside surfaces 
with no obvious grain boundary segregation of impuri-
ties.  The feeder bends at these early reactors were heavily

STATION DNGS DNGS CNG2 PLGS 

Ex Service Tube ID D4 SG3 R54C76 D4 SG1 R49C61 G2 SG3 X69Y54 PL SG3 R32C65 

Removed 1995 2003 Apr. 2009 Dec. 2009 

In-Service Date Jun. 1993 Jun. 1993 Oct. 1983 Feb. 1983 

Calendar Year 2 10 25.5 26.8 

EFPY/Hot Years 1.6/1.7 8.4/8.7 20.4/--† 20.94/21.99 

Surface Chromium No depletion was 
detected 

No depletion was 
detected 

No depletion was 
detected 

No depletion was 
detected 

Electrochemical 
corrosion behaviour 

Identical to archived 
new tubing 

Identical to archived 
new tubing 

Identical to archived 
new tubing 

Identical to archived 
new tubing 

Chemical composi-
tions 

Met with ASME 
SB-163 Standard 

Met with ASME 
SB-163 standard 

Met with ASME 
SB-163 Standard 

Met with ASME 
SB-163 Standard 

Hardness (HV) 160 165 163 173 

Grain Size (μm) 13.8/15.0 11.0 8.2/8.8 9.4/8.5 

Cr depletion at grain 
boundaries Not detected Not detected Not detected Not detected 

Boron segregation at 
grain boundaries - Observed Observed Significant 

 

Feeder piping corrosion

General corrosion of carbon steel under the pH ~10 chem-
istry of a CANDU PHTS is low enough that long-term accept-
able performance is expected.  However, although FAC rates 
under CANDU PHTS operating conditions are very low on 
average, the FAC is localized to specific areas of the outlet 
piping where rates of wall loss up to 175 µm/year have been 
measured.  Given that the feeder pipes have wall thicknesses 
of ~8 mm, these wear rates have a significant impact on feed-
er life, in some cases requiring premature replacement [12].  
Figure 3 provides an overview of the feeder pipes that have 
been replaced in Canadian CANDU reactors as a consequence
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cold-worked during fabrication [12].  The most plausible 
explanation for this cracking is that low temperature creep 
cracking of highly cold-worked material, combined with 
FAC-induced hydrogen from the inside surface, are contrib-
uting to the cracking [18].  To test this hypothesis, a num-
ber of experiments have been carried out in the FAC test rig 
with pre-cracked test spool pieces subjected to an applied 
load.  In these experiments, the FAC process can be turned 

used in high susceptibility areas such as susceptible ge-
ometries, low pH, two-phase flow, and flows with Fe con-
centrations less than saturation, such as moisture separa-
tor reheater piping [19] are used.  FAC of secondary side 
systems and piping can be engineered out with appropri-
ate materials selection, designed to avoid turbulence and 
impingement, and appropriate operating chemistry.  For 
older plants, inspection is a key part of the management ap-
proach, and at CANDU plants, the CHECWORKS code of the 
Electric Power research Institute (EPRI) is applied.  AECL 
has also applied this code, along with CFD (computational 
fluid dynamics) calculations, to assess FAC of carbon steel 
components on the secondary side of SGs.  There have been 
several instances of secondary side FAC of key secondary 
side SG components, as noted in Table 2.  R&D continues 
on improving the predictability of CHECWORKS in terms 
of quantitation of expected wall thinning rates at high risk 
locations, using accumulated plant data as a baseline for 
predictions, along with improved understanding of the key 
factors influencing FAC of carbon steel.  For buried pip-
ing, the use of non-metallic materials is being considered, 
and modelling of service water piping systems has shown 
where conditions particularly susceptible to microbiologi-
cal corrosion, or microbiological corrosion (MIC) (for in-
stance, vertical deadlegs), can be designed out.  In addition, 
the R&D has provided the data needed for improving op-
erating specifications to minimize the ingress of nutrients 
that can lead to biological growth and subsequent MIC. 

Low temperature piping, typical of that used in service wa-
ter systems, is also susceptible to localized corrosion, either 
under deposits (tuberculation) or as a consequence of MIC 
attack. In collaboration with EPRI, AECL has been develop-
ing models of tuberculation and MIC to incorporate into 
EPRI’s BPWORKS code, which is used to identify high risk 
areas where inspections of piping should be carried out.  
This is particularly important for buried piping, where the 
consequences of undetected degradation can be significant, 
and the cost of carrying out unnecessary inspections is also 
a major concern.  Thus, R&D in this area is focused on in-
spection technology developments, along with improved 
risk ranking techniques.

Other systems of concern for long life, and where CANDU-
related R&D is being carried out, include concrete struc-
tures, cables and the calandria vessel.  The main issue with 
concrete is that many concrete structures must remain in-
tact and act as a barrier to prevent release of nuclear ma-
terials for very long times.  Concrete degradation mecha-
nisms for unirradiated structures are well known, although 
work remains to be done on irradiated concrete.  The key 
life management issue for concrete is improving inspection 
technologies such that non-destructive methods of assess-
ing concrete structure condition can be quantified.  Mod-
els for the degradation of concrete over long times may 
need to be developed to relate inspection findings to life 

Figure 4
Historical Record of Point Lepreau Outlet Feeder Cracking.

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

To
ta

l N
um

be
r o

f R
ep

la
ce

m
en

ts

PLGS (1) S08A;

PLGS (3) K16A, Q08A, U15C;

PLGS (3) C13A, N19A, P09A;
G-2 (1) G09A Weld;

PLGS (1) N11A;

PLGS (2) H12A, N16C;

PLGS (1) N12C;

PLGS (1) D14A + 6 False 
Calls (P18C, O07C, L16C, 

E08C, E14C, K05C);

on and off by modifying the oxygen content, and thus the 
role of FAC-induced hydrogen can be determined.  Results 
to date suggest that FAC hydrogen is a contributor to the IG-
SCC; with FAC-induced hydrogen present, the crack growth 
rate is significantly faster than when hydrogen generation is 
suppressed (but FAC continues) [17].

Separate tests have demonstrated that low temperature 
creep of A106B carbon steel is measurable, with crack 
growth rates comparable at 300°C to those measured for 
feeder cracks at PLGS, for heavily cold-worked material 
stressed close to yield [18].

The role of operating transients on feeder cracking has not 
been investigated.  What remains to be understood is why 
the PLGS IGSCC has not occurred in feeder piping elsewhere 
(although IGSCC was observed in a repaired feeder weld at 
Gentilly-2 NGS).  For more recent reactors, the feeder bends 
are stress relieved and thus are not expected to be at signifi-
cant risk of cracking.

4. Other systems

Most of the secondary side of power plants is constructed 
with carbon steel piping.  Recently, after the discovery of 
the ubiquitous nature of FAC under feedwater conditions, 
FAC-resistant materials (Cr-Mo alloys; stainless steels) are 
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Figure 5
Historical record of outlet feeder replacements in CANDU 
reactors because of feeder thinning.

prediction.  For cables, aging models have been developed, 
and related to inspection results from various destructive 
and non-destructive techniques.  To date, experience with 
cables in various CANDU reactors, and in AECL’s NRU re-
actor, all show that the cables are in good condition and 
can remain in service.  Finally, the calandria vessel, which 
contains the heavy-water moderator, at 60 to 70°C, which 
surrounds the pressure tubes, requires some assessment of 
remaining life.  This vessel experiences a neutron flux up 
to 2x1021 n/cm2, and is fabricated from type 304L stain-
less steel.  There are essentially no data available showing 
the long-term effects of neutron irradiation of this material

at low temperatures, but several analyses using extrapola- 
tions from available data indicate that the vessel and vessel 
welds would not have experienced any significant irradia-
tion-induced effects after 30 years of service, and can re-
main in service.  To quantify this, it is proposed to destruc-
tively examine other structures from inside the calandria 
vessel in order to assess any irradiation effects.

5. Conclusion

Materials performance remains the primary long-term 
risk for most industrial systems, and especially for nuclear 
power plants.  Predicting that performance quantitatively 
has always posed challenges [20], and an even bigger chal-
lenge is to predict performance for extended reactor lives of 
60 to 80 years.  For CANDU reactors, life extension implies 
replacement of the fuel channel assemblies, and hence the 
materials issues relate to whether or not out-reactor com-
ponents and systems need to be replaced.  In most cases, in-
service experience and laboratory data indicated that pas-
sive components such as steam generators, piping, etc. do 
not need replacement.  Significant exceptions are where Al-
loy 600 and Alloy 400 were used for used for SG tubing, and 
where carbon steel was used for secondary side SG support 
structures.  The most recent CANDU reactors, built since the 
1980’s, and those being refurbished now, use designs, com-
ponents and materials, in addition to appropriate operat-
ing and maintenance strategies, based on results from R&D 
programs carried out at AECL’s laboratories.  These results 
indicate that Alloy 800 SG tubing, Cr-enriched carbon steels 
and appropriately designed service water systems can pro-
vide low-risk long term service.
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Introduction

Significant corrosion degradation of steam generator (SG) tubing has been found 
in the SG secondary side worldwide.  Pitting corrosion and crevice/underde-
posit corrosion, intergranular attack (IGA) and stress corrosion cracking (SCC) 
are among the possible major forms of degradation for SG tube materials.  The 
impurities can hide out and concentrate in SG crevices, leading to an aggressive 
local chemistry.  Corrosion-related SG tube degradation may take place in tube/
tube-support crevices, tube/tubesheet crevices or under sludge deposits when the 
secondary side environment contains oxidants and/or is contaminated with chlo-
ride.  Experimental data suggest that all SG tube materials can be susceptible to 
corrosion degradation under some particular off specification SG crevice chemis-
try conditions [1].  The tolerance to the chemistry upset for each SG tube alloy is 
different.  In recent years, AECL has been working proactively to deal with the SG 
degradation issues.  An effective way to minimize the SG material degradation is 
through effective water chemistry control.  To support the proactive materials deg-
radation management (PMDM) of SG materials, high temperature electrochemical 
tests were performed under plausible SG crevice chemistry conditions for all SG 
tube alloys.  This knowledge has been documented in the form of a recommended 
ECP/pH zone that can be incorporated into a program for SG system monitoring 
[1, 2].  Tests, especially simulated accelerated corrosion tests and SCC tests, have 
been performed to verify the boundary leading to SG tube degradation under tran-
sient and off-specification conditions [3].  The recommended ECP/pH zone could 
be used as a tool for safeguarding the integrity of SG tubing, with the expecta-
tion that operation in these “safe” zones will assure at least 60 years of service.

It should be noted that the plausible crevice chemistry conditions, which were 
used to develop the recommended ECP/pH maps of different SG alloys, were 
based on formulations suggested by Pagan used in previous work [4] and later 
verified by Burton and Turner [5].  However, based on an average of all Darling-
ton Nuclear Generating Station hideout return surveys since 2001, McKay and 
Pagan found that the SG crevice solution may not always be as aggressive as pre-
viously suggested [6].  It is therefore necessary to evaluate how the boundaries 
of the recommended zones change as a function of the concentrations of SG im-
purities.  Chloride is one of the major SG impurities that cause the break down 
of the passive film and initiate localized corrosion in passive metals, including 
SG tubing materials [1].  Work has been performed by AECL to study the im-
pact of chloride ion concentration on the upper boundary of the safe ECP/pH 
zone leading to SG tube alloy degradation.  The overall objective of this task is 
to evaluate the effect of chloride concentration on the SG tube corrosion degra-
dation.  The results will provide information to determine how the safe ECP/pH 
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zone boundaries move with variation of SG impurity con-
centrations at the same high temperature pH.  Acidic crev-
ice chemistry is excluded from the recommended ECP/
pH zone and according to a study by Balakrishnan CANDU 
SG crevice chemistry is normally in the neutral pH range 
even under condenser leakage conditions [7].  Therefore, 
the effect of chloride ion concentration on the corrosion 
of SG tubing was focused on neutral crevice chemistry 
conditions.  This paper summarizes the high temperature 
electrochemical experimental results from these studies.

1. Experimental Conditions

1.1 Test Material

Samples for electrochemical measurements were 10 mm 
long segments cut from ASTM B 163 standard seamless 
heat exchanger tubes.  In this paper, only data from Alloy 
800 SG tubing will be presented.  Nuclear grade Alloy 800 
SG tubing tested was from Noranda Metal Industries Ltd., 
where the final heat treatment was a bright annealing at 
980 ± 10°C.  The outer diameter (OD) surface of the test 
specimens was finished by grinding with 600 grit silicon 
carbide paper and ultrasonically cleaning first with ace-
tone, and then with ethanol before the tests. The detailed 
information on the tube material is listed in Table 1.

Alloy Heat No. Size 
Composition wt % 

C Si Mn P S Cr Ni Co Ti Cu Al N Fe 
 800 HH9043A 0.625 x 0.044” Wall 

(15.88 x 1.12 mm) 0.015 0.10 0.80 0.009 0.002 21.70 34.11 0.012 0.42 0.03 0.41 0.028 42.41

Table 1
Detailed Information on the SG Tube Materials for Tests 
(Based on Mill Test Certificates)

1.2 Test Environments

The corrosion susceptibility of Alloy 800 SG tubing material 
was evaluated by performing a series of electrochemical 
measurements under the SG crevice conditions shown in 
Table 2 through Table 4.  The crevice solutions were deter-
mined by referring to simulated representative CANDU SG 
crevice environments based on the systematic SG hideout 
return results from CANDU Nuclear Generating stations, 
and on analysis of the intact tube/bar crevice deposits 
[4].  To study the effect of the chloride concentration on 
the corrosion degradation of Alloy 800 SG tubing, differ-
ent amounts of chloride were added to the neutral crevice 
chemistry by meeting the following criteria:

1. The total concentration of sulphate in the crevice solution 
should remain unchanged (or the changes are negligible).
2. The pH of the solution at temperature should be main-
tained at, or at least close to, a fixed value by using pH

adjusters, such as 10-4 M NaOH or HCl.

The calculation of the at-temperature pH values for the se-
lected crevice solutions were performed using the OLI soft-
ware, Version 2.048, from OLI Systems Inc. (NJ, USA).  The 
detailed method and theories used for the calculation in 
Stream Analyzer can be found in reference [8] and its cita-
tions. Stream Analyzer has two embedded activity frame-
works. The one selected for this report was the Aqueous H+ 
Framework [8].

In this work, only the bulk chloride concentration of the so-
lution is considered. Chloride concentration gradient on the 
alloy surface is not significant if Alloy 800 is passive. Under 
such conditions, the passive current density is so low that 
the potential gradient in the solution near the electrode 
surface can hardly result in any significant chloride ion gra-
dients near the passive surface.

[Cl-] Na2SO4 NaCl KCl CaCl2 HCl NaOH 

0.01 0.1500 0.0027 0.0005 0.0014 4.15E-03  

0.1 0.1500 0.0443 0.0074 0.0222 3.98E-03  

0.65 0.1500 0.3000 0.0500 0.1500   

1 0.1500 0.4615 0.0769 0.2308  2.2E-04 

4 0.1500 1.8462 0.3077 0.9231  6.2E-04 

Table 2
Neutral Crevice Solution with Different Chloride Concentra-
tions for Tests at 300°C (pH 300°C = 6.10) Unit:  mol/kg

[Cl] Na2SO4 NaCl KCl CaCl2 HCl NaOH 

0.01 0.15 4.57940x10-3 7.63000 x10-4 2.29000 x10-3 8.29711 x10-5

0.1 0.15 0.0461173 7.68600 x10-3 0.0230590 8.41592 x10-5

1 0.15 0.461538 0.0769230 0.230769  1.10203 x10-5

4 0.15 1.846154 0.307692 0.923077  5.82434 x10-5

Table 3
Solutions for Tests Performed at 150°C (pH 150°C = 6.03) 
Unit:  mol/kg

[Cl] Na2SO4 NaCl KCl CaCl2 HCl NaOH 

0.01 0.15 4.61568E-03 7.69044E-04 2.30814E-03 5.75180e-7  

0.1 0.15 0.046154 7.69205E-03 0.023077 4.75957e-7  

1 0.15 0.461538 0.0769230 0.230769  1.72694e-7 

4 0.15 1.846154 0.307692 0.923077  1.44906e-6 

Table 4
Solutions for Tests performed at 40°C (pH 40°C = 6.83) 
Unit:  mol/kg
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2. Electrochemical Tests

Electrochemical methods are usually used to determine the 
corrosion susceptibility of SG tube material under different 
environments.  Potentiodynamic polarization is a technique 
where the potential of an electrode is swept at a selected 
rate by application of a current through the electrolyte us-
ing a potentiostat. Potentiodynamic polarization tests can 
provide information on corrosion kinetics (rate of corro-
sion) as a function of ECP in specific environments.  In order 
to determine the effect of chloride ion concentration on the 
degradation of SG tubing in SG crevices and under depos-
its, a series of electrochemical tests of Alloy 800 SG tubing 
were performed in simulated SG crevice chemistries listed 
in Table 2 through Table 4.

All electrochemical polarization data were performed in 
static autoclaves using a typical three-electrode system.  
The schematic of the electrochemical cell and sample 
mounting for high temperature electrochemical measure-
ments is shown in Figure 1.  An EG&G Model 263A/99 Po-
tentiostat/Galvanostat with a floating/auxiliary input op-
tion is used for the potentiodynamic polarization tests in 
autoclave systems.  The scan rate is fixed at the ASTM stan-
dard recommended rate, 0.167 mV/s [9].  All samples are 
tested under isothermal conditions.  Internal Ag/AgCl/0.65 
M KCl high temperature reference electrodes were used to 
make high temperature electrochemical measurements.  
Electrochemical measurements at 40°C are performed in a 
three-electrode system shown in Figure 2.  An oil bath is 
used to maintain the test temperature.  A saturated calo-
mel electrode (SCE) is used as the reference electrode.  A 
platinum foil is used as a counter electrode.  To minimize 
the solution IR drop, the Luggin capillary of the reference 
electrode is placed close to the sample surface (  1 mm).  
For this work, all potentials were converted to the standard 
hydrogen electrode scale (SHE) [10], [11].

The samples for electrochemical tests were 10 mm long 
segments cut from SG tubing.  The external surface was fin-
ished with 600 grit silicon carbide paper and ultrasonically 
cleaned first with acetone and then with ethanol before the 
tests.

3. Experimental Results

The experiments were performed at three temperatures, 
representing SG layup, startup, and full power operation. 
Electrochemical polarization tests suggest that Alloy 800 
is susceptible to pitting corrosion in the simulated neutral 
crevice chemistry and the pitting potential is a function of 
chloride concentration.

Autoclave

Zircaloy Lining

Ag/AgCl/(0.65M KCl)
reference electrode

Sample holder

Tube sample

Pt counter electrode

Purging line

Figure 1
A three-electrode system for electrochemical measure-
ments in a static autoclave.

Figure 1
A glass cell assembly used for cyclic potentiodynamic polar-
ization measurements at 40°C.

localized corrosion of nuclear grade alloy 800 under steam
generator layup, startup and operating conditions - y. lu
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SG crevice conditions at 300°C can be approximately fitted 
by the following empirical equations:

3.1 Effect of Different Chloride Concentrations on Alloy 
800 SG Tube Degradation at 300°C

The cyclic polarization curves of Alloy 800 SG tubing ob-
tained under neutral crevice chemistry conditions at 300°C 
with various chloride concentrations were superimposed 
in Figure 3.  It is clearly shown that the pitting potential of 
Alloy 800 is significantly affected by the chloride concentra-
tion in the crevice chemistry.  Alloy 800 is free of pitting in 
neutral crevice chemistry with a chloride concentration ≤ 
0.01 mol/kg. The existence or absence of a pitting poten-
tial can be identified from the polarization curves. For the 
polarization curves in solutions containing chloride at con-
centrations ≤ 0.01 mol/kg, the current density increased 
linearly after the potential was raised above 390 mV, and 
it decreased following the same slope during the back scan. 
The current density increase for potentials above a po-
tential of 390mV was the result of oxygen evolution. The 
specimens did not pit and the surface area of the specimens 
remained the same. Therefore, the forward scan and the 
back scan almost overlapped. For the rest of the polariza-
tion curves shown in Figure 3, for solutions with higher 
chloride ion concentrations, there was a sudden increase 
in the anodic current density resulting from pitting corro-
sion. The pitting degradation was not reversible and the 
anodic current density remained high during the back scan 
until the pits stopped growing at a specific lower potential.  
The cathodic branches of the polarization curves should be 
the same if the high temperature pH is the same.  However, 
there were some obvious discrepancies in very dilute chlo-
ride solutions and very concentrated chloride solutions in-
dicating the pH calculation provided by the stream analyzer 
requires further correction under extreme diluted and con-
centrated solutions.

Replicated tests were performed under each test condition.  
The pitting potential values obtained at 300°C from differ-
ent tests performed in solutions with various chloride con-
centrations are listed in Table 5.

Cl- (m) Data 1 Data 2 Data 3 Data 4 Data 5 Average STDEV 
0.01 450 mV* 390 mV* 455 mV* - - 231.7 mV* 36.2 mV* 
0.1 168 mV 233 mV 264 mV - - 221.7 mV 49.0 mV 
0.65 -162 mV -155 mV -178 mV -181 mV -167 mV -168.6 mV 10.9 Mv 
1.0 -233 mV -244 mV -258 mV - - -245.0 mV 12.5 Mv 
4.0 -270 mV -283 mV -357 mV -260 mV - -292.5 mV 44.0 mV 

* Free of pitting corrosion

The pitting potential of Alloy 800 under secondary side 
crevice chemistry conditions at 300°C as a function of chlo-
ride solution is shown in Figure 4.

The pitting potential of Alloy 800 SG tubing under secondary

 

Epit = (451 -1966 [Cl-]) mV     0.01 mol/kg > [Cl-] ≤ 0.20 mol/kg Equation 1
 

Epit = (-288 + 56.3/[Cl-] – 0.49/[Cl-]2)mV [Cl-] > 0.20 mol/kg Equation 2
 

Figure 4
Pitting potential of Alloy 800 SG tubing material at 300°C 
under neutral SG crevice chemistry conditions as a function 
of chloride concentration.
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Figure 3
Cyclic polarization curves of Alloy 800 obtained at 300°C 
under neutral SG crevice chemistry conditions with differ-
ent chloride concentrations.

3.2 Effect of Different Chloride Concentrations on Alloy 
800 SG Tube Degradation at 150°C

The cyclic polarization curve of Alloy 800 SG tubing obtained

localized corrosion of nuclear grade alloy 800 under steam
generator layup, startup and operating conditions - y. lu

Table 5
Pitting potential of Alloy 800 SG tubing in neutral SG crevice 
at 300°C.

(1)

(2)
 

Epit = (451 -1966 [Cl-]) mV     0.01 mol/kg > [Cl-] ≤ 0.20 mol/kg Equation 1
 

Epit = (-288 + 56.3/[Cl-] – 0.49/[Cl-]2)mV [Cl-] > 0.20 mol/kg Equation 2
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3.3. Effect of Different Chloride Concentrations on Alloy 
800 SG Tube Degradation at 40°C

The cyclic polarization curves of Alloy 800 SG tubing ob-
tained under neutral crevice chemistry conditions at 40°C 
for various chloride concentrations were superimposed in 
Figure 7. The pitting potential of Alloy 800 is decreasing as 
the chloride concentration in the crevice chemistry increas-
es.  Alloy 800 is immune to pitting potential when chloride 
concentrations are equal to or lower than 0.01 mol/kg.  A 
cathodic loop or shoulders could be seen in the polarization 
curves shown in Figure 7 indicating the existence of some 
residual dissolved oxygen.  This would not affect the pitting 
potential measurements.

The pitting potential values obtained at 40°C from replicat-
ed tests performed in solutions with various chloride con-
centrations are listed in Table 7.

The pitting potential of Alloy 800 under secondary side

Current density (A/cm2)
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Figure 5
Cyclic polarization curves of Alloy 800 obtained at 150°C 
under neutral SG crevice chemistry conditions with differ-
ent chloride concentrations.

Cl- (m) Data 1 Data 2 Data 3 Data 4 Data 5 Average STDEV 
0.01 1171 mV 1172 mV 1163 mV - - 1168.7 mV 4.9 mV 
0.1 472 mV 534 mV 493 mV - - 499.7 mV 31.5 mV 
0.65 54 mV 72 mV 8 mV 38 mV 58 mV 46.0 mV 24.5 Mv 
1.0 -72 mV -43 mV -30 mV - - -48.3 mV 21.5 Mv 
4.0 -162 mV -132 mV -151 mV - - -148.3 mV 45.2 mV 

Table 6
Pitting potential of Alloy 800 SG tubing in neutral SG crevice 
at 150°C.

Figure 6
Pitting potential of Alloy 800 SG tubing material at 150°C 
under neutral SG crevice chemistry conditions as a function 
of chloride concentration.

under neutral crevice chemistry conditions at 150°C for 
various chloride concentrations were superimposed and 
shown in Figure 5. As observed at 300°C, the pitting poten-
tial of Alloy 800 is also significantly affected by the chloride 
concentration in the crevice chemistry at 150°C.  It is seen 
that Alloy 800 is susceptible to pitting corrosion at 150°C 
even if the chloride ion concentration is as low as 0.01 mol/
kg.

Replicated tests were performed under each test condition.  
The pitting potential values obtained at 150°C from differ-
ent tests performed in solutions with various chloride con-
centrations are listed in Table 6.

The pitting potential of Alloy 800 under secondary side 
crevice chemistry conditions at 150°C as a function of chlo-
ride solution is shown in Figure 6.  The pitting potential of 
Alloy 800 SG tubing under secondary side SG crevice condi-
tions at 150°C can be approximately fitted by the following 
empirical equations:

 

Epit = (1244 -7544 [Cl-]) mV        0.01 mol/kg ≥ [Cl-] ≤ 0.10 mol/kg Equation 1
Epit = (-193.6 + 166.1/[Cl-] – 9.68/[Cl-]2)mV [Cl-] > 0.10 mol/kg Equation 2

 

Cl- (m) Data 1 Data 2 Data 3 Data 4 Data 5 Average STDEV 
0.01 * * * - - * * 
0.1 1129 mV 1058 mV 1131 mV - - 1106.0 mV 41.6 mV 
0.65 411 mV 346 mV 348 mV 425 mV 374 mV 380.8 mV 36.1 mV 
1.0 371 mV 316 mV 309 mV - - 332.0 mV 34.0 mV 
4.0 199 mV 203 mV 238 mV - - 213.3 mV 21.5 mV 

* Free of pitting corrosion

localized corrosion of nuclear grade alloy 800 under steam
generator layup, startup and operating conditions - y. lu

(3)

 

Epit = (1244 -7544 [Cl-]) mV        0.01 mol/kg ≥ [Cl-] ≤ 0.10 mol/kg Equation 1
Epit = (-193.6 + 166.1/[Cl-] – 9.68/[Cl-]2)mV [Cl-] > 0.10 mol/kg Equation 2

 
(4)

Table 7
Pitting Potential of Alloy 800 SG Tubing in Neutral SG Crev-
ice at 40°C

aecl Nuclear Review
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Figure 9
Pitting potential of Alloy 800 SG tubing material at 40°C, 
150°C and 300°C  under neutral SG crevice chemistry con-
ditions as a function of chloride concentration.

is shown in Figure 9.  It is seen that the pitting potential of 
Alloy 800 at 150°C under neutral crevice chemistry condi-
tions follows a linear relationship with the log value of chlo-
ride ion concentration when the chloride ion concentration 
is less than 1 mol/kg. At 40°C and 300°C the linear relation 
between Epit and log CCl- can also be seen in the range of 0.1 
m ≤ CCl- ≥1 m. It is possible that the Epit and Log [Cl-] may 
follow a linear relation.  Attempts were made to check the 
linear relation between Epit and log [Cl-] but failed because 
of an unreasonable high calculated activity coefficient value 
at high chloride ion concentrations based on the data ob-
tained from the commercial OLI software Stream Analyzer 
[8] This observation also suggests that the calculated pH 
value of solutions containing very high chloride concentra-
tions using the OLI software Stream Analyzer may have cer-
tain deviations.   
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Figure 7
Cyclic polarization curves of Alloy 800 obtained at 40°C un-
der neutral SG crevice chemistry conditions with different 
chloride concentrations.

crevice chemistry conditions at 40°C as a function of chlo-
ride solution is shown in Figure 8 and can be approximately 
fitted by the following empirical equation:

Epit = (183 + 141/[Cl-] – 4.87/[Cl-]2)mV [Cl-] > 0.10 mol/kg Equation 1 

Figure 8
Pitting potential of Alloy 800 SG tubing material at 40°C un-
der neutral SG crevice chemistry conditions as a function of 
chloride concentration.

The pitting potential of Alloy 800 SG tubing at three differ-
ent temperatures under neutral SG crevice chemistry con-
ditions as a function of chloride concentration in log scale

3.4 Pitting Potential of Alloy 800 under Neutral Crevice 
Chemistry Conditions as a Function of Temperature 

The pitting potential of Alloy 800 decreases with tempera-
ture under the same crevice chemistry conditions.  The 
pitting potential of Alloy 800 as a function of temperature 
could be fitted with equations shown in Figure 10. In the 
figure, the pitting potential of Alloy 800 under neutral SG 
crevice chemistries with different chloride ion concentra-
tions as a function of temperature in Kelvin scale was plot-
ted against K-1.  It appears that the pitting potential in a 
crevice solution with fixed chloride concentration follows 
a linear relation with 1/K.  This observation suggests that 
the breakdown of the passivity and the initiation of pitting 
corrosion by chloride ions are thermally activated.

localized corrosion of nuclear grade alloy 800 under steam
generator layup, startup and operating conditions - y. lu

(5)
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4. Conclusions

Cyclic potentiodynamic polarization measurements were 
performed on Alloy 800 SG tubing materials in neutral SG 
crevice chemistries with different chloride concentrations 
at 40, 150, and 300°C, respectively.  The electrochemical 
experimental results show that Alloy 800 is immune from 
pitting degradation if the chloride ion concentration in the 
neutral SG crevice chemistry is equal to 0.01 mol/kg or 
lower, except at 150°C.  At 150°C, Alloy 800 is still suscep-
tible to pitting corrosion even if the chloride ion concentra-
tion in the neutral crevice chemistry is as low as 0.01 mol/
kg.  The pitting potential of Alloy 800 SG tubing decreases 
with the increase of chloride ion concentration when the 
chloride concentration in the neutral crevice chemistry 
is higher than 0.01 mol/kg. In neutral crevice chemistries 
with a fixed chloride ion concentration, the pitting poten-
tial of Alloy 800 decreases as the temperature increases.

4.1. Empirical Equations of Pitting Potential of Alloy 800 
SG tubing as a Function of Chloride Ion Concentration

The pitting potential of Alloy 800 in the neutral SG crev-
ice chemistry as a function of chloride ion concentration 
could be fitted to empirical equations through a linear 
regression followed by an inverse second order regres-
sion.  These empirical equations can be used to deter-
mine the pitting potential of Alloy 800 in neutral crev-
ice chemistry with known chloride ion concentration.

The pitting potential of Alloy 800 SG tubing under sec-
ondary side SG neutral crevice chemistry conditions at 
300°C can be fitted by the following empirical equations:
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Figure 10
Pitting potential of Alloy 800 SG tubing material under neu-
tral SG crevice chemistry conditions with different chloride 
ion concentrations as a function of 1/K.

 

 

Epit = (451 -1966 [Cl-]) mV     0.01 mol/kg > [Cl-] ≤ 0.20 mol/kg  
Epit = (-288 + 56.3/[Cl-] – 0.49/[Cl-]2)mV [Cl-] > 0.20 mol/kg  

 

The pitting potential of Alloy 800 SG tubing under sec-
ondary side SG neutral crevice chemistry conditions at 
150°C can be fitted by the following empirical equations:

 

Epit = (1244 -7544 [Cl-]) mV        0.01 mol/kg ≥ [Cl-] ≤ 0.10 mol/kg 
Epit = (-193.6 + 166.1/[Cl-] – 9.68/[Cl-]2) mV [Cl-] > 0.10 mol/kg 

 

The pitting potential of Alloy 800 SG tubing under sec-
ondary side SG neutral crevice chemistry conditions at 
40°C can be fitted by the following empirical equations:

Epit = (183 + 141/[Cl-] – 4.87/[Cl-]2)mV [Cl-] > 0.10 mol/kg 

4.2. Empirical Equations of Pitting Potential of Alloy 
800 SG tubing as a Function of Temperature

The pitting potential of Alloy 800 in a neutral SG crevice 
chemistry with a fixed chloride ion concentration as a func-
tion of temperature could be fitted with quadratic equa-
tions shown in Equations 11-14:

Epit= (-892 + 6.17 x 105K-1) mV      (0.1 M Cl-)

Epit= (-840 + 3.80 x 105K-1) mV     (0.65 M Cl-)

Epit= (-964 + 4.01 x 105K-1) mV    (1.0 MCl-)

Epit= (-937 + 3.54 x 105K-1) mV     (4.0 MCl-)

4.3. Limitations of the Empirical Equations

The empirical equations are applicable to Alloy 800 SG 
tubing under nuclear SG secondary side crevice or under 
deposit conditions for stations using all volatile treatment 
(AVT) for SG feed water treatment. The experimental re-
sults had good reproducibility and the standard deviations 
of the data were less than 50 mV. It is known that certain SG 
impurities such as copper, magnesium [12, 13] and thiosul-
phate [14] will have significant impact on the pitting poten-
tial of SG tubing.  Therefore, the empirical equations may 
not be valid if the SG systems contain the above mentioned 
impurities.
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(6) 

 

Epit = (451 -1966 [Cl-]) mV     0.01 mol/kg > [Cl-] ≤ 0.20 mol/kg  
Epit = (-288 + 56.3/[Cl-] – 0.49/[Cl-]2)mV [Cl-] > 0.20 mol/kg  

 
(7)

(8)

 

Epit = (1244 -7544 [Cl-]) mV        0.01 mol/kg ≥ [Cl-] ≤ 0.10 mol/kg 
Epit = (-193.6 + 166.1/[Cl-] – 9.68/[Cl-]2) mV [Cl-] > 0.10 mol/kg 

 
(9)

(10)

Epit= (-892 + 6.17 x 105K-1) mV      (0.1 M Cl-)

Epit= (-840 + 3.80 x 105K-1) mV     (0.65 M Cl-)

Epit= (-964 + 4.01 x 105K-1) mV    (1.0 MCl-)

Epit= (-937 + 3.54 x 105K-1) mV     (4.0 MCl-)

Epit= (-892 + 6.17 x 105K-1) mV      (0.1 M Cl-)

Epit= (-840 + 3.80 x 105K-1) mV     (0.65 M Cl-)

Epit= (-964 + 4.01 x 105K-1) mV    (1.0 MCl-)

Epit= (-937 + 3.54 x 105K-1) mV     (4.0 MCl-)

Epit= (-892 + 6.17 x 105K-1) mV      (0.1 M Cl-)

Epit= (-840 + 3.80 x 105K-1) mV     (0.65 M Cl-)

Epit= (-964 + 4.01 x 105K-1) mV    (1.0 MCl-)

Epit= (-937 + 3.54 x 105K-1) mV     (4.0 MCl-)

(11)

(12)

(13)

(14)
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1. Introduction

With the highest neutron absorption cross-section in the thermal region of all 
naturally occurring elements, gadolinium is used in CANDU®1 reactors to suppress 
excess reactivity or to shut down the reactor in case of emergency.  Recent mea-
surements on total neutron capture cross-section of gadolinium [1] have raised 
concerns over the accuracy of moderator poison reactivity coefficient calculations.  
It was reported [2] that the use of the Leinweber data helps to improve the predic-
tion of total fission reaction rate as well as the ratio of 238U capture to total fission re-
action rate in gadolinium-poisoned fuel (UO2-Gd2O3) in some BWR configurations.  
However, in the recent release of ENDF/B-VII.1 evaluated nuclear data library [3], 
the Leinweber data were not taken into account. In order to address this issue, 
measurements have recently been made at the ZED-2 (Zero Energy Deuterium) 
critical facility [4], Chalk River Laboratories, AECL, to study the reactivity effect of 
up to 1.5 ppm of gadolinium in the moderator.  ZED-2 is a heavy-water-moderated 
reactor that operates predominantly in the thermal neutron region.  Since the neu-
tron capture cross-section of boron in the thermal region is known to within ±0.1% 
[5,6], measurements were also made with up to 6 ppm of boron to provide calibra-
tion data for measurements with gadolinium.  

The measurements have been used to quantify the reactivity effect of gadolinium in 
the moderator in full-core simulations of ZED-2 using MCNP5 [7], a neutron trans-
port code used extensively for simulations of nuclear systems.  The objective of the 
analysis is to quantify the bias and uncertainty in the effective neutron multiplica-
tion factor, keff, in full-core MCNP simulations of ZED-2 as a function of gadolinium 
concentration. The MCNP models were executed on a computer cluster recently 
installed at the Chalk River Laboratories under the Linux platform.  The targeted 
nuclear data library for the majority of the analysis is E70CRL [8], developed at 
AECL based on ENDF/B VII.0 [9].  However, results based on gadolinium nuclear 
data from a beta version of ENDF/B VII.1, which incorporated the results from 
Leinweber, as well as the release version of ENDF/B VII.1 [3] will also be presented 
for comparison. 

2. The ZED-2 Core Configuration

The measurements were performed in the ZED-2 critical facility, which is cat-
egorized as a tank-type research reactor (see Figure 1).  The calandria tank is 
an aluminum cylinder of ~3.4 m both in diameter and height, surrounded by a 
graphite reflector radially and at the bottom.  High purity (>98 wt%) heavy wa-
ter is used as moderator.  Fuel channels can be installed from the top to form 
the reactor core.  Each fuel channel is installed with five fuel bundles of ~50 
cm in length.  Criticality is achieved by raising the moderator level in the ca-
landria tank.  Major parameters taken for each experimental run include the 
critical height, temperature, and purity of the moderator, as well as the tempera-
ture of the fuel.  Elaborated details about the ZED-2 facility can be found in [4].
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Figure 1
ZED-2 Reactor Layout.

The data from the Boron series was first used to cali-
brate the system with respective to the poison concentra-
tion.  Since the neutron capture cross-section of boron in 
the thermal region is known to within ±0.1% [6], which is 
equivalent to an uncertainty in computed keff of ±0.03 mk2, 
the functional dependence of keff to boron concentration is 
expected to be negligibly small, on condition that the boron 
concentration is properly modeled.  In the present mea-
surements, the nominal boron concentrations3 would be bi-
ased due to uncertainty in the ZED-2 moderator inventory, 
which is known to only ±2%.  However, a calibration factor 
can be obtained by adjusting the nominal boron concen-
tration value until the keff value matches that of the model 
without poison.  Hence, the analysis started with develop-
ing a reference MCNP model, without poison, according to 

The configuration of the reactor core for the present mea-
surements is shown in Figure 2. The core consists of 52 
fuel channels each of which was installed with five Low 
Enriched Uranium (LEU) or Recovered Uranium (RU) fuel 
bundles in a 24.5 cm pitch square lattice.  The channels are 
often filled with water coolant.  However, fuel channels for 
the present measurements were filled with air to avoid po-
tential complications in the analyses.
  
In order to maintain a consistent setup for the measure-
ments, the core configuration was left unaltered throughout 
the experiment except for the controlled addition of poison 
in the moderator.  A reference measurement was taken at 
the beginning of each series before the addition of poison.  
In the main series of measurements, gadolinium was added 
to the moderator from nominal values of 0.5 to 1.5 ppm in 
increments of 0.5 ppm, and in the reference series with bo-
ron from nominal values of 2.0 to 6.0 ppm in increments of 
2 ppm. 

3. Analysis with MCNP5

The measurements have been analyzed with MCNP5.  The 
targeted nuclear data library for the analysis is E70CRL [8], 
developed at AECL based on ENDF/B VII.0 [9].  The core pa-
rameters pertaining to modeling the experimental runs for 
the Boron and Gadolinium series are listed in Table 1 and 
Table 2, respectively, which were subsequently used, along 
with geometric and material data available elsewhere, e.g., 
[4], as input for development of MCNP models. 

nuclear data and the effect of gadolinium in the moderator
j.c. chow, f.p. adams, d. roubstov, r.d. singh and m.b. zeller

Figure 2
ZED-2 core configuration for present measurements.

* These are nominal values based on the mass of the poison added relative 
to the known inventory of moderator in the system. 
† Standard deviation in moderator purity = 0.005 wt% D2O.
¶ Standard deviation in critically height = 0.2 cm.

Case # 
Boron 
Conc.*
[ppm] 

Moderator†

Purity 
[wt% D2O] 

Channel
Temperature

[C]

Moderator 
Temperature 

[C] 

Critical¶

Height 
[cm] 

B1 0.0 98.743 21.50 21.55 131.650 

B2 2.0 98.742 21.30 22.05 139.420 

B3 4.0 98.740 21.63 22.19 148.248 

B4 6.0 98.738 22.15 22.53 158.442 

Table 1
Boron Series – Core Parameters for MCNP Models

2 This value was obtained by a sensitivity study of a model with 6 ppm of boron in the moderator.
3 The nominal concentration was determined as the ratio of the mass of poison added to the moderator to the recorded moderator inventory.
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Table 2
Gadolinium Series – Core Parameters for MCNP Models

Since the Boron and Gadolinium series were performed 
consecutively with the same moderator inventory and the 
same protocols were used for measuring and adding the 
poisons to the moderator, the boron calibration factor can 
also be applied to the Gadolinium series of measurements.  
The results of keff values obtained by applying the boron 
calibration factor, i.e., multiplying the nominal gadolinium 
concentration values by the factor 0.988, are shown in Ta-
ble 4.  A discussion on the results follows the assessment of 
uncertainties in Section IV below.     

Case # 
Gd 

Conc.*
[ppm]

Moderator†

Purity
[wt% D2O] 

Channel  
Temperature

[C]

Moderator
Temperature 

[C]

Critical¶

Height 
[cm] 

G1 0.0 98.748 21.80 21.70 131.585 

G2 0.5 98.748 21.75 21.79 138.248 

G3 1.0 98.744 21.65 21.89 145.632 

G4 1.5 98.739 21.45 22.51 153.926 

the configuration described in Section 2, followed by a case 
with the maximum nominal value of 6.0 ppm of boron in the 
moderator.  Then, the boron content was adjusted until the 
keff value matched that of the case without poison to within 
±0.1 mk, the statistical uncertainty inherent in the MCNP-
computed keff values obtained with 100 million neutron his-
tories.  The adjustment in boron concentration to achieve 
the above condition was found to be −1.2%.  The same ad-
justment was then applied to the other cases with nominal 
boron concentrations of 2.0 and 4.0 ppm.  The resulting keff 
values with the adjusted concentrations are listed in Table 
3 and plotted in Figure 3 as a function of boron concentra-
tion.  The relatively small slope (0.003 mk/ppm) in the line 
in Figure 3 indicates that the functional dependence of the 
keff values on the boron concentration can be minimized, 
within uncertainty, with proper adjustments to the nominal 
values.  Thus, the nominal boron concentrations are judged 
to have been overestimated due to uncertainty in the mod-
erator inventory, and a correction factor of −1.2%, hence-
forth referred to as the boron calibration factor, should be 
applied to the nominal boron concentration values.   

Figure 3
Boron series − MCNP keff values with adjusted Boron con-
centration.
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Table 3
Boron Series − MCNP keff Values with Adjusted Concentra-
tions

Case  Adjusted Boron 
Conc. [ppm] keff

B1 0.000 0.99785 

B2 1.976 0.99788 

B3 3.952 0.99800 

B4 5.928 0.99779 

4. Assessment of Uncertainties

The total uncertainty in keff (σkeff) obtained in an MCNP sim-
ulation of a ZED-2 full-core benchmark model, using fuel 
channels4 similar to those in the present experiment, was 
assessed by Atfield [4] to be about ±3 mk, consistent with 
the biases in keff values observed in Table 3 and Table 4.  In 
the following assessment, only terms that contribute to the 
uncertainty in keff bias due to the presence of gadolinium in 
the moderator are included.

The uncertainty in the computation of keff bias relevant to 
the present analysis is determined as follows:

Table 4
Gadolinium Series − MCNP keff Values with Boron-Calibrat-
ed Concentrations

Case  Boron-Calibrated 
Gd Conc [ppm] keff

G1 0.000 0.99788  

G2 0.494 0.99766 

G3 0.988 0.99759 

G4 1.482 0.99713 

Gd
2

cal
2

expt
2

stat
2  

effk

nuclear data and the effect of gadolinium in the moderator
j.c. chow, f.p. adams, d. roubstov, r.d. singh and m.b. zeller

* See footnotes in Table 1.

(1)

5 The uncertainties in the dimensions of the fuel channels were found in reference [4] to be the largest contributors to the keff uncertainty. 
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where σstat is the statistical uncertainty intrinsic to the 
MCNP simulation, σexpt is the experimental uncertainty, σcal 
is due to using the boron calibration factor to calibrate the 
gadolinium concentration, and σGd is due to uncertainties in 
the gadolinium neutron capture cross-section.

The statistical uncertainty arises from the Monte Carlo na-
ture of simulations using MCNP.  All the MCNP models have 
been executed with 100 million active neutron histories 
yielding a statistical uncertainty, σstat, of ±0.06 mk.

Assuming no correlation among the contributing terms, the 
experimental uncertainty, σexpt, can be expressed as:

shown that an uncertainty of ±2% in the gadolinium neu-
tron capture cross section is equivalent to a keff uncertainty, 
σGd, of 0.50 mk/ppm.  All the uncertainty components con-
tained in Equation (1) and obtained according to the above 
assessments are listed in Table 5.  It should be reiterated 
that only terms that contribute to the uncertainty in keff bias 
due to the presence of gadolinium in the moderator are in-
cluded in the above assessments.

purhc
22

expt  

where σhc and σpur are uncertainties due to the critical 
height and purity of the moderator.  Based on a sensitivity 
analysis by direct perturbation calculations similar to those 
performed in reference [4], σhc and σpur have been assessed 
as ±0.036 mk and ±0.065 mk (see footnote in Table 1), re-
spectively, yielding an experimental uncertainty, σexpt, of 
±0.07 mk. 

The uncertainty in the boron calibration factor is assessed 
as contributed by two terms; one is due to the statistical 
uncertainty6 of ±0.06 mk intrinsic to the MCNP simulation; 
the other is due to uncertainty in the total boron neutron 
capture cross-section of ±0.1% in the thermal region [5,6], 
which is equivalent to an uncertainty in keff of ±0.03 mk for 
a model with 6 ppm of boron (with a total reactivity worth 
of 33.6 mk, obtained by adding 6 ppm of boron to the ref-
erence ZED-2 model without boron and comparing the keff 
values).  Adding the two terms in quadrature yields an un-
certainty of ±0.07 mk, or ±0.2% of the total boron reactivity 
worth of 33.6 mk.  Therefore, the boron calibration factor 
is assessed as −1.2% ± 0.2%.  By adding one ppm of gado-
linium to the base model without gadolinium and compar-
ing the keff values, the reactivity worth of gadolinium in 
the moderator in ZED-2 has been determined as −20.1 mk/
ppm.  Therefore, σcal, the uncertainty in keff due to the use of 
the boron calibration factor, is assessed as ±0.04 mk/ppm 
(= 20.1 mk/ppm × 0.2%).

The uncertainty attributable to the gadolinium neutron 
capture cross-section has been investigated from vari-
ous sources.  Figure 4 shows the uncertainties around 
the thermal region for 157Gd from three sources.  Note 
that only 157Gd, which contributes ~80% of the total neu-
tron capture cross-section, is included in this assessment. 
While Mughabghab [10] assigns a single value of ±0.32% 
at 0.0253 eV, ORNL [11] assigns values ranging from 0.3% 
to ~3%, and NNDC [12] assigns a value of ±4% for the en-
tire thermal region.  For the purpose of the present analy-
sis, a value of ±2% is adopted.  A sensitivity analysis of the 
three models containing gadolinium in the moderator has

Figure 4
157Gd Neutron Capture Cross-Section Uncertainty

Table 5
Sources of keff Uncertainties

Sources Symbol Contrib. to 
σkeff

MCNP Statistical Uncertainty  σstat ±0.06 mk 

Experimental (moderator height/purity) σexpt ±0.07 mk 

Boron calibration σcal ±0.04 mk/ppm 
157Gd Neutron Capture Cross-section  σGd ±0.5 mk/ppm 

5. Discussion of Results and Conclusions

The results of keff values obtained with boron-calibrated 
gadolinium concentrations are listed in Table 4.  Note that 
the bias in keff values of ~−2 mk, attributable mainly to un-
certainties in the dimensions of the fuel channel and fuel 
enrichment [4], would not affect the present results, which 
are based on relative measurements/calculations. A plot 
of keff values verses gadolinium concentrations is shown in 
Figure 5, in which the uncertainties are assigned according 
to Table 5.  According to a linear regression analysis of the 
data points weighted with their respective variances, the 
bias in keff value in MCNP simulations of the ZED-2 full-core 
with gadolinium in the moderator is assessed as −0.41 ± 
0.07 mk/ppm, or −2.1% ± 0.3%, for the target nuclear data 
library ENDF/B-VII.0, given a reactivity worth of −20.1 mk/
ppm for gadolinium in ZED-2.

nuclear data and the effect of gadolinium in the moderator
j.c. chow, f.p. adams, d. roubstov, r.d. singh and m.b. zeller

(2)

6 Note that this statistical uncertainty arises from simulation of a model containing boron while σstat in Equation (1) arises from a model containing gadolinium. 
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While the above results were obtained with the E70CRL nu-
clear data library [8] based on ENDF/B VII.0 [9], additional 
MCNP simulations of the same models but incorporating 
the 157Gd cross section data from the release version, as 
well as a beta version, of the ENDF/B VII.1 data library have 
also been performed.  In the beta version, the measure-
ments from [1] were taken into account, in which the scat-
tering width (   n) of the first resonance at 0.0314 eV was 
decreased by 7% from previous evaluations.  The results 
of the additional simulations with 157Gd cross section data 
from the ENDF/B VII.1 library are plotted in Figure 6 along 
with the results obtained with ENDF/B VII.0 [9].  While the 
results based on the release version of ENDF/B VII.1 are 
identical to those based on ENDF/B VII.0 within statistical 
uncertainties, those from the beta version of ENDF/B VII.1, 
which incorporates the data from Leinweber [1], deviate 
significantly from those based on the ENDF/B VII.0 data.  In 
essence, Figure 6 shows that the gadolinium neutron cap-
ture cross section is overestimated in ENDF/B VII.0 [9] data 
and underestimated in the beta version of ENDF/B VII.1 
which incorporates the Leinweber [1] data, indicating that 
the decrease of 7% might have been overcompensated. 

Figure 5
Gadolinium series −MCNP keff values with Boron-calibrated 
concentrations.

Based on the above results, it is concluded that the reactiv-
ity effect of gadolinium in the moderator can be calculated 
with MCNP5, along with the ENDF/B-VII.0 or ENDF/B-VII.1 
nuclear data libraries, with a bias that is consistent with the 
nominal ±2% uncertainty of the nuclear data.  The incor-
poration of the Leinweber data in the ENDF/B-VII.1 beta 
evaluation changed the sign of the apparent bias in the cal-
culations, but the overall accuracy was not improved.  The 
results provide confidence in the use of the ENDF/B-VII.0 
or ENDF/B-VII.1 nuclear data evaluations in calculations of 
reactivity effect of gadolinium in the moderator.
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1. Introduction

Since it is possible for the components of a reactor to shift over time, it is necessary 
to be able to determine their positions accurately.  For example, the positions of the 
components of a reactor can have an impact on the neutron flux shape within the core 
of the reactor.  Thus, the primary objective of this work was to accurately determine 
the positions of Adjuster Rods 15 and 16 (See Figure 2).  It was also necessary to ob-
tain accurate information regarding the radiation field distribution inside a reactor 
for a number of reasons.  One of these reasons is the establishment of safe work plans, 
based on the doses workers would receive.  Another reason is that it is important 
to know the highest levels of radiation that the in-core instrumentation will experi-
ence.  If the radiation field is too intense for a detector to perform properly, then it 
must be replaced by one that will, so that safe operation of the reactor is guaranteed.

A method to create a 1-dimensional radiation profile of the interior of the PLGS 
reactor has been proposed and implemented.  By profiling the interior of the reac-
tor, it is possible to determine the positions of features, such as the adjuster rods, 
of the reactor.  It is important to know the positions of these features, since they 
have an impact on the operation of the reactor.  While the measurements described 
in this paper were performed on a shutdown reactor that was undergoing refur-
bishment, the plan is to perform these measurements again on the same reactor 
shortly before it is started up again.  Knowing the positions of the adjuster rods 
will aid in the understanding of any neutron flux shape tilts that may occur.  The 
measurements on the shutdown reactor were performed to demonstrate the vi-
ability of this method.  This method employs a combination of measurement of 
the γ-ray dose rate as a function of position within one of the access pipes in the 
reactor core (called Startup Instrumentation (SUI) tubes), and simulations of 
that dose rate in MCNP5, a Monte Carlo radiation transport program [1].  Monte 
Carlo simulations were performed to aid in the understanding of the measured 
data, and assist in more accurately determining the positions of the adjuster rods.  
Since the geometry of the reactor is rather complex, developing an analytic solu-
tion to the γ-ray emission and transport problem is extremely difficult.  In addi-
tion to this, the anisotropic nature of γ-ray scattering further complicates the γ-ray 
transport problem.  Thus, Monte Carlo was chosen as the modeling technique.

This paper begins by describing the γ-ray dose rate detection system.  It then de-
scribes the measurements performed at the PLGS reactor while it was being re-
furbished.  Finally, this paper discusses the MCNP5 simulations, and compares the 
simulation results with the measured data to draw conclusions about the posi-
tions of the components of the reactor with respect to their assumed positions.

The positions of the components of a reactor 

can change over time, due to radiation 

damage, sagging, etc.  Thus, it is important 

to determine their positions.  To satisfy this 

requirement of the staff at the Point Lepreau 

Generating Station, a method to determine 

the positions of reactor components has been 

developed and demonstrated.  This method 

combines the use of dose rate measurements 

and Monte Carlo simulations.  It first involves 

measuring the high γ-ray dose rates as a 

function of position within a reactor.  Then it 

entails comparing these measurements with 

Monte Carlo simulations.  In order to perform 

such measurements, a silicon diode detector 

and a scan drive system have been developed.  

 In 2009, measurements of the γ-ray dose 

rate profile of the shut down Point Lepreau 

Generating Station reactor were conducted.  

By comparing the locations of the local 

peaks in the dose rate data, it was possible 

to determine the distances between the 

steel reactor components.  The measured 

data were then compared with Monte Carlo 

simulations to determine how precisely one 

could locate the positions of the adjuster rods.  

Using this technique, it was found that the 

retracted adjuster rods were 440 ± 60 mm 

below their designed positions.
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Figure 1
Plots of the diode detector current signal versus dose rate 
calibration data for the silicon diode detector.  The offset be-
tween the y-intercepts of the two lines is due to the instru-
ment offset of the Keithley 6487, and thus has no physical 
meaning.

2. The γ-ray Detector System

A small, inexpensive gamma-radiation detector, based 
on a commercially available Silicon (Si) p-n junction di-
ode, has been developed.  This detector can accurately 
measure γ-radiation fields over a wide dynamic range 
from 0.2 to 600 Gy/hr [2] [3] [4]  The current of the Si di-
ode provides a measure of the γ-ray dose received by the 
diode, since the current produced by the diode is pro-
portional to the ionization energy deposited in it [5].

The detector consists of a disc-shaped diode (1 mm in di-
ameter and 0.3 mm thick), encapsulated within a steel jack-
et.  The very small, slender shape of the detector enables it 
to meet the requirement that it make point-like measure-
ments of the dose rate.  Tests at the Chalk River Laboratories 
of Atomic Energy of Canada Limited (AECL) demonstrated 
the ability of the diode sensor to perform well in radiation 
fields as high as 600 Gy/hr.  These tests also demonstrated 
the ability of the detector to survive a total absorbed dose 
of 10 kGy with only a 5% decrease in dose rate response [3].

Calibrating the detector requires knowledge of the relation-
ship between the current and the γ-ray energy absorbed 
(dose) by the diode per unit time.  The current was mea-
sured as a function of γ-ray dose rate by exposing the de-
tector to a nominally 3.7×1011 Bq, point-like Co-60 source.  
The dose rate was varied from 0.2 Gy/hr to 2 Gy/hr by 
changing the distance between the detector and the Co-
60 source.  Figure 1 shows a plot of the measured detector 
current versus dose rate.  The dose rate response function

of the detector is linear, in accordance with expectations 
[5]. The current-to-dose rate calibration factor was 28.3 
pA/(Gy/hr) before the detector was exposed to the reac-
tor.  While it was in the PLGS reactor, the diode received a 
maximum dose rate of 1079 Gy/h. After the detector was 
exposed to the reactor, the current it emitted was re-mea-
sured as a function of dose rate by using another calibrated 
Co-60 source. The results of these measurements, which 
appear in Fig. 1, revealed a decrease in the current-to-dose 
rate calibration factor to 27.5 pA/(Gy/hr).

An automated scan drive system was built to raise and low-
er the diode detector within the start up instrumentation 
(SUI) tube.  The scan drive system consisted of four parts: 
a take-up reel, a stepper motor, a modified eddy current 
pusher and a rotary encoder.  The Mineral Insulated (MI) 
cable was wrapped around the take-up reel.  The stepper 
motor, which the data acquisition (DAQ) computer con-
trolled via a motor controller, turned both the take-up reel 
and the four rubber wheels of the eddy current pusher.  The 
rubber wheels of the eddy current pusher gripped the MI 
cable, and pushed or pulled it, depending on the motions 
of the stepper motor to which it and the take-up reel were 
geared.  Finally, the rotary encoder, which touched the sur-
face of the take-up reel, measured the position of the detec-
tor based on the distance take-up reel rotated.   This system 
could position the detector to within 1 mm for every metre 
the diode travelled [4].

A Keithley 6487 picoammeter, with a dynamic range of 0.1 
nA to 30.1 nA, was used to read the current from the detec-
tor.  The error on the measured currents ranged from 0.001 
nA to 0.46 nA [6].  After reading the detector’s current, the 
Keithley sent its value to the Data Acquisition (DAQ) com-
puter.  In addition to the current signal, the DAQ computer 
also recorded the time of each measurement and the posi-
tion of the detector.

3. Measurements of the γ-radiation Profile of the Reactor

A radiation profile measurement of the PLGS reactor was 
made to determine the positions of the withdrawn adjuster 
rods.  The radiation dose rate profile of the shutdown reac-
tor depended on both the operational history of the reac-
tor and the amount of time that the reactor had been shut-
down when the dose rate profile measurements were made.  
Thus, the positions of the adjuster rods and other features 
of the reactor were determined from the relative values of 
the measured dose rate.  Nevertheless, the diode was cali-
brated to provide absolute values of the dose rates in the 
reactor for safe work planning.

The most basic parts of a CANDU® reactor are: the ca-
landria, the core, the shielding surrounding the calandria, 
and the control and diagnostic instruments of the reactor.  

aecl Nuclear Review
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Figure 2
A diagram of the reactor features relevant to the PLGS dose 
rate profile measurements. The diagram includes the RM 
deck, the outer calandria wall, VP2 SUI guide tube and Ad-
juster Rods 15 and 16.  In this diagram, the adjuster rods 
are in their fully retracted states. 

The reactivity mechanisms (RM) deck of the PLGS reactor 
provided the platform for the γ-ray dose rate profile mea-
surements (see Figure 2).  The γ-ray scan equipment and DAQ 
were placed upon the RM deck, while the scan equipment 
moved the detector up and down the in-core start-up instru-
mentation (SUI) tube that was ported to viewport 2 (VP2).

The starting position of the detector was about 0.5 me-
tres above the centreline of the core of the reactor (see 
Figure 2).  The scan drive system took measurements 
from this position to a point 9970 mm above it in 10 mm 
increments.  At each position, 30 current measurements 
were performed to reduce the noise in the current data.

While the reactor was running, the components of the reac-
tor that were in the core absorbed the neutrons generated 
by fission reactions in the fuel.  These reactor components 
are made of steel, aluminum and zirconium alloys.  While 
steel is a strong neutron absorber, due to the large (n,γ) ther-
mal cross sections of the isotopes of which it is composed, 
zirconium alloys and aluminum are rather weak neutron 
absorbers [8].  After absorbing the neutrons generated in 
the fuel, the reactor components became activated via (n,γ) 
reactions.  These activation products range from Fe-55 to 
Ni-59 to Si-28, etc.  Most of these activation products either 
have very short or very long half-lives, and thus, had either 
completely decayed away by the time of the measurement, 
or exhibited extremely low decay rates.  The two activation 
products whose half lives are intermediate in duration are 
Fe-55 (999 d) and Co-60 (1925 d).  Fe-55 emits mostly 6 
keV X-rays, while Co-60, on the other hand, emits 1173 and 
1332 keV γ-rays.  Thus, the decay of Co-60 was the domi-
nant source of radiation in these measurements.  The Co-59 
concentration in the zirconium alloys is typically 20 ppm or 
less [8].  The Co-59 concentration in the steel used in a CAN-
DU® reactor is up to 700 ppm for the calandria shell and 
nozzles, and is estimated to be 2000 ppm for the adjuster 
rods.  Therefore, the dominant sources of Co-60 γ-rays were 
the irradiated steel components of the reactor.  These in-
clude the calandria walls and the adjuster rods.  Brand new 
SUI tubes had been installed just before the measurements, 
and hence did not contain any Co-60.  In the case of the ra-
diation profile measurements, the calandria and the two 
adjuster rods adjacent to the VP2 SUI tube were the domi-
nant sources of γ-rays.  Figure 2 is a diagram of the reactor 
components that were germane to these measurements.

4. Experimental Analysis and Results

To minimize the impact of ambient electronic noise at the 
reactor facility, thirty current readings were taken at each 
detector position (10 mm increments).  The statistical mode 
was then taken as the detector current for each set of five 
consecutive positions covering a 50 mm range.  The mode 
rather than the mean was chosen, since the mean values

The calandria, which is made of steel, holds the core.  The 
core holds the fuel channels, and is filled with heavy water.  
The heavy water acts as a moderator, which slows downs 
the fast fission neutrons until they have thermal energies.  
During the measurements that this paper describes, the 
reactor had been shut down, and its core had been emp-
tied of all of the fuel channels and heavy water.  Thus, while 
the radiation profile measurements were being conducted 
in 2009, the calandria contained only air and a few access 
pipes.  The access pipes enable the control and diagnostic 
instruments of the reactor to enter the core.  The shield-
ing that surrounds the calandria consists of light water 
(see Figure 2), surrounded by a 1220 mm thick concrete 
enclosure.  Examples of diagnostic instruments that enter 
the access ports are neutron flux detectors, which provide 
the operators with neutron flux information, while the reac-
tor is running.  The adjuster rods are an example of control 
devices that enter the access ports.  The adjuster rods and 
other control and diagnostic devices had been completely 
withdrawn from the core into the light water shielding dur-
ing the 2009 radiation profile measurements [7].

measurements of the high dose rate profiles inside a shutdown candu reactor
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were very noisy.  The full width at half maximum (FWHM) 
of the current for each of these positions was also deter-
mined.  The upper and lower errors on each mode current 
were then obtained from the differences between the mode 
current and the upper and lower limits of the FWHM.  The 
modes were determined over 50 mm intervals, since these 
were the smallest intervals for which the FWHM limits were 
reasonably symmetrical and not oversized.  The noise in the 
current data thus had a limiting effect on the accuracy of the 
position data.  The error on the position, σz, is thus given by

noise in the current readings is ΔFWHM.  Its value for a 
given position was calculated by taking the larger of 
the two differences between the mode current and 
the upper and lower FWHM limits.  Thus, as one can 
see from Equation 4, the error on the dose rate, D, de-
pends upon the measured current, I, and the two calibra-
tion factors, m1 and m2.  The resulting plot of measured 
dose rates versus detector positions appears in Fig. 3.

2
range

2
scan

2
z  

The error on the ability of the scan drive to position the 
detector, σscan, is equal to Δz × (1 mm/m), where Δz is 
the distance in metres the detector travelled to reach 
the position z.  The quantity σrange is taken as half the 50 
mm interval range.  Based on Equation 1, the accuracy 
on the position varied from 25 mm for measurements 
near the bottom of the SUI tube to 27 mm for measure-
ments near its top.  The detector positions were taken 
as the central positions over each 50 mm mode interval.

The current mode values were converted to dose rates via 
linear current-to-dose rate conversions obtained from the 
calibrations described in Section 2.  These linear conversion 
formulae consisted of the following: D1 = m1I and D2 = m2I.  
D1 is the linear fit obtained from the calibration data taken 
with the diode sensor before it was exposed to the reactor, 
and D2 is the linear fit obtained after the diode was exposed 
to the reactor.  The slopes of these two lines are m1 = 35.3731 
Gy/hr/nA and m2 = 36.3771 Gy/hr/nA.  The small increase 
in the slope of the calibration line is due to a gradual deg-
radation of the ability of the diode to produce current as it 
was exposed to the radiation in the reactor.  Thus, to obtain 
a better estimate of the dose rate, D, of the reactor from the 
measured currents and the two sets of calibration data, it 
was calculated from the error-weighted average of D1 and D2:
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The errors, σD, on the dose rates were calculated via the fol-
lowing formula:

(1)

(2)
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D
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The errors on D, D1, D2 and the measured current are σD, σD1, 
σD2 and σI [9] . The errors on D1 and D2 were simply calculated 
from σD1

2 = I2σm1
2+m1

2σI
2 and σD2

2 = I2σm2
2+m2

2σI
2.  The errors 

on the current modes can be found from σI
2 =σKeithley

2+ΔFWHM
2.  

The variable σKeithley represents the error due to the uncer-
tainty in the Keithley 6487 reading.  The error due to the 
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 (4) [9]

The horizontal axis of Fig. 3 was divided into three sec-
tions, named A, B and C.  The largest measured dose rate of 
1079±36 Gy/h occurred at a detector position of 17013±2.5 
mm.  The calandria (see Fig. 2), was the dominant source of 
Co-60 γ-rays.  The main calandria shell alone contains about 
2.7×106 cm3 of steel.  In contrast, the two adjuster rods on 
either side of VP2 contain only about 1800 cm3 of steel.  
Since the calandria is the dominant source of γ-rays, and the 
calandria edge is the part of the calandria that is closest to 
the VP2 SUI tube, the inner edge of the calandria is expected

Figure 3
Top: A plot of the γ-ray dose rate profile measured within 
the VP2 SUI tube. Bottom: A plot of the measured γ-ray dose 
rate profile with the contribution of the calandria subtracted.
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expected value of the positions of the adjuster rods is well 
beyond the 70 mm uncertainty which applies to the fully in-
serted position.  In order to better understand the dose rate 
profile measurements, and more accurately determine the 
positions of the adjuster rods, simulations of the γ-ray dose 
rate profile of the PLGS reactor were performed in MCNP5.

5. Simulations with MCNP5

The following components of the shutdown PLGS reactor 
were simulated in MCNP5: the concrete shielding, the light 
water inside the concrete shielding, the calandria walls, the 
air inside the calandria, the VP2 SUI tube, a column of Si 
tally cells within the VP2 SUI tube, and Adjuster Rods 15 
and 16.

In order to isolate the contributions of each activated steel 
component to the total γ-ray dose rate, one MCNP5 input 
file was created for each steel part.  Accurately modeling the 
γ-ray sources due to these reactor components required the 
determination of the amount of Co-60 that had been pro-
duced in them while the reactor was running.  While the 
reactor was running, Co-60 was produced by the capture 
of neutrons by Co-59, and decayed with a half-life, λCo-60, of 
1925 days.  Equation 6 shows this production and decay 
relationship.  The product, nσCo-59, is average neutron flux 
times neutron capture cross section.  This product gives the 
total 59Co(n,γ)60Co reaction rate.  It is given by Equation 7, 
which is the sum or integral of the reaction rates at all of the 
neutron energies.  Solving Equation 6 for NCo-60 yields Equa-
tion 8, which gives the number of Co-60 nuclei as a function 
of time.

to be the position at which the dose rate was the largest.   
Therefore, in the analysis, it was assumed that the 17013 
mm sensor position is the location at which the VP2 SUI tube 
meets the inner edge of the calandria wall.  This 17013 mm 
peak position also marks the upper boundary of section A, 
which covers the calandria from its interior to its edge.  The 
position at 17013 mm was used as a reference point to help 
in the determination of the locations of Adjuster Rods 15 
and 16, which sit on either side of the VP2 SUI tube.  Section 
B represents the locations between the edge of the calandria 
wall and the point at 16095 mm, which is the local minimum 
in the dose rate due to the calandria and the adjuster rods.

Section C covers the detector positions from 16095 mm to 
the point (12719 mm) at which the γ-ray field due to the 
adjuster rods first drops to 0.01 Gy/hr.  Thus, the dose 
rate in Section C was assumed to be due to the adjuster 
rods alone, since they sit on either side of the VP2 SUI 
tube.  The longer adjuster rod, Adjuster Rod 16, is 3429 
mm long, and the shorter adjuster rod, Adjuster Rod 15, 
is 1143 mm long.  All of the adjuster rods had been fully 
withdrawn from the core during these measurements.
After converting the measured detector currents to dose 
rates, and determining the location of the calandria edge 
in the measured dose rate profile, the locations of Adjuster 
Rods 15 and 16 were extracted from the data.  The first step 
in this process involved fitting a combined exponential-in-
verse square curve to the calandria dose rate data in Section 
B of the Fig. 3 plot.  The equation obtained with this fit is

 
4628

3

1025.8z1018.1z1086.2
z1049.3expD 








 (5)

In this formula, D is the fitted dose rate and Δz is the verti-
cal distance above 17013 mm, the location of the calandria 
dose rate peak.  The numerator of Equation 5 represents 
the exponential absorption of the γ-rays as they propagate 
through the water shielding above the calandria shell.  The 
denominator, which is a quadratic in Δz, represents the 
inverse square decrease in the intensity of the γ-ray field 
with distance from the calandria shell.  The fitted curve 
was then subtracted from the dose rate data to obtain the 
contributions solely due to the adjuster rods.  In this fash-
ion, the adjuster rod dose rate plot in Fig. 3 was obtained.

The centroid of the dose rate peak due to the adjuster rods 
appears at about 14868 mm.  Assuming that the centres of 
Adjuster Rods 15 and 16 were aligned with the centroid of the 
dose rate peak, this suggests that the centres of the adjuster 
rod were 2145 mm above the calandria edge.  The expected 
position of the centres of the retracted adjuster rods, based 
on the reactor commissioning data, was 2565.5 mm above 
the calandria edge (see Fig. 2).  This suggests the possibility 
that the adjuster rods were out of position by 400 to 500 mm 
when in their fully retracted state.  This deviation from the 
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In the above formulae, NCo-60,i(r) is the amount of Co-60 
as a function of position in reactor component i.  Vi is the 
volume of reactor component i and ρCo-59 is the density of 
Co-59.  The value of t is the total reactor run time.  Finally, 

(E,r) is the neutron flux as a function of energy and po-
sition, and σn,γ(E) is the neutron capture cross section for 
Co-59.  The values of σ for the steel components were then 
calculated by running core criticality calculations of a ge-
neric CANDU® core model in MCNP5.  Having obtained the





measurements of the high dose rate profiles inside a shutdown candu reactor
c. jewett, j. chow, d. comeau, g. jonkmans, b. smith, b. sur, d. taylor and s. yue

aecl Nuclear Review
vol 1, Number 1, june 2012



32

simulated Co-60 density distributions within the calandria 
walls, nozzles and adjuster rods, these distributions were 
then used to simulate the γ-ray sources that were present 
in the PLGS reactor when the measurements were made.

6. Analysis of the Data Obtained via MCNP5 Simulations

Each γ-ray simulation provided the contribution of one of the 
steel components to the dose in each silicon tally cell in the 
SUI tube.  MCNP5 provided these tally doses in units of MeV/
g/γ-ray.  Thus, in order to determine the contributions of the 
steel components to the total dose rate, it was necessary to 
determine the rate at which each component emitted γ-rays, 
which can be determined from the criticality calculation tal-
lies, Equation 8, and the rate at which the reactor produced 
fission neutrons as a function of time and position [10].  
The fission neutron production rate is given by Equation 9

the measured dose rate data.  These cobalt impurity con-
centrations are all reasonable for stainless-steel alloys.  
According to PLGS staff, the cobalt concentration in the 
stainless steel of the adjuster rods was about 2000 pp.  The 
cobalt concentration in the calandria shell was given as 700 
ppm.  Typical cobalt impurity concentrations in stainless 
steel range from 10 ppm to 700 ppm.  The largest reason-
able cobalt concentration in a stainless-steel alloy is about 
2000 ppm.  The errors on the cobalt impurity levels in the 
calandria shell pieces were estimated by calculating the 
dose rates with all of the initial cobalt concentrations set to 
10 ppm and then to 700 ppm.  The upper and lower error 
bars on the simulated calandria dose rate data were then 
obtained by calculating the differences between the dose 
rates obtained with the lower and upper values of the co-
balt concentration and the values used to obtain Figure 4 
and Figure 5.  The errors on the cobalt impurity levels in the 
adjuster rods were estimated by taking half the difference 
between 700 ppm and 10 ppm.


rec

th

E
P

dt
dn

 (9)

The average thermal power of the PLGS, Pth, for each day 
from its initial start-up until it was shut down for refur-
bishment was provided by measurements taken by PLGS 
staff.  The uncertainties on these power measurements 
were within 1%.  The recoverable energy per fission, Erec, 
was estimated to be 205.9 ± 0.6 MeV, assuming a mid-life 
burn-up percent fuel composition of 0.4% U-235, 99.4% 
U-238, 0.2% Pu-239 and 0.006% Pu-241. The average num-
ber of neutrons emitted per fission, , was estimated to 
be 2.83 ± 0.01 [11].  The values of σ for each steel re-
actor component were obtained from knowledge of the 
volumes of the steel parts, the neutron flux tallies associ-
ated with each steel part, and estimates of the cobalt im-
purity concentrations in the steel.  As will be demonstrated 
in the next section, the uncertainties in the initial cobalt 
concentrations were the dominant sources of uncertainty 
in the simulated results.  Armed with the estimated γ-ray 
emission rates of the steel reactor components, we then 
used them to convert the γ-ray dose rate tallies into to-
tal dose rates for comparison with the measured data.

7. Results of the MCNP5 Simulations

Figure 4 contains plots of the simulation results obtained 
with the analysis method described in the Section VI.  The 
measured dose rate data are also included in the plots for 
comparison.  The initial estimated 59Co concentrations that 
were used to obtain the results in Figure 4 and Figure 5 
were: 1) 1400 ppm (adjuster rods), 2) 560 ppm (mid-ca-
landria shell), 3) 84 ppm (calandria sub-shells), 4) 84 ppm 
(calandria rings), 5) 119 ppm (calandria tubesheets) and 6) 
700 ppm (nozzles).  Since the cobalt concentrations are not 
well known, these cobalt concentrations were obtained by 
adjusting them until the simulated dose rate data matched

Figure 4
Top: Overlaid plots of the measured and simulated dose 
rates for the adjuster rods at their estimated and designed 
retracted positions with error bars on the simulated data.  
Bottom:  Overlaid plots of the measured and simulated dose 
rates for the adjuster rods at their estimated and designed 
retracted positions without error bars on the simulated data.
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The primary objective of performing the MCNP5 simula-
tions was to determine the positions of Adjuster Rods 15 
and 16 more accurately.  This entailed aligning the simulat-
ed dose rate peak due to the calandria and nozzles with the 
measured dose rate peak, so that the simulated and mea-
sured curves would match each other as closely as possible.  
When compared with the MCNP5 geometry, it was found 
that the location of the 1079 Gy/hr peak in the dose rate 
data is 3421 mm above the centre axis of the main calandria 
shell.  This is 97 mm below the inner calandria edge, which 
is 3518 mm above the centre of the calandria.  This is due 
to the nearly 80 mm radius VP2 hole in the calandria shell.  
This hole results in a diminished dose rate at the calandria 
edge, where VP2 meets the calandria shell.  The position er-
ror with which this alignment was made is estimated to be 
± 30 mm, since that is the distance by which one can shift 
the alignment in the plots and still obtain a reasonable fit.
Fig. 5 contains re-scaled plots of the dose rates obtained by 
simulating the adjuster rods 480 mm and 400 mm below 
their designed positions (MCNP5 Estimated Pos. 1 and Pos. 
2).  As one can see from the graph in this figure, the “Pos. 
1” data and “Pos. 2” data bracket the measured dose rates 
associated with the adjuster rods.  Thus, the estimated un-
certainty with which the positions of the adjuster rods were 
simulated is half the distance between Pos. 1 and Pos. 2 or 
± 40 mm.  By adding the squares of the errors on the posi-
tion measurement (27 mm), the alignment (30 mm), and 
simulated position (40 mm), we obtained a total error on 
the positions of the adjuster rods of 57 mm.  The average 
of Pos. 1 and Pos. 2 is 440 mm, and hence, the conclusion is 
that the adjuster rods were 440 ± 60 mm below their fully 
retracted designed positions at the time of the dose rate 
profile measurements.  Fig. 5, which includes the dose rate 
data obtained by simulating the adjuster rods at their de-
signed positions, provides confirmation of the fact that the 
adjuster rods were out of position.

8. Conclusions

The γ-ray dose rate profile of a CANDU® reactor that was 
undergoing refurbishment was measured for the first time 
in 2009.  This measurement employed a small, inexpen-
sive silicon diode sensor and a scan drive system.  These 
measurements produced a γ-ray dose rate profile that re-
vealed the locations of the steel features of the PLGS reactor.  
The maximum reactor γ-ray dose rate was measured to be 
1079±36 Gy/h.  Based upon MCNP5 simulations, this dose 
rate maximum occurred about 90 mm below the calandria 
edge.

MCNP5 simulations helped to confirm the fact that the ad-
juster rods were out of position with respect to their fully 
retracted, out-of-core state.  By combining the measured 
and simulated data, it was determined that the adjuster rods 
were off from their out of core position by 440 ± 57 mm.  

Figure 5
Top: Overlaid plots of the measured and simulated dose 
rates due to Adjuster Rods 15 and 16.  The Position 1 
data (MCNP5 Estimated Pos. 1) were created by simulat-
ing the adjuster rods at their estimated locations, 480 
mm below their designed positions.  The Position 2 data 
were generated by simulating the adjuster rods 400 mm 
below their designed positions.  Bottom: Overlaid plots 
of the simulated dose rate data and the measured dose 
rate data in the region associated with the adjuster rods.

Finally, this work demonstrated the fact that by combining 
the detector and scan drive system measurement technique 
with MCNP5 simulations, it is possible to obtain a one-
dimensional image of the interior of a shut down reactor, 
based upon its γ-ray dose rate profile.  Future experiments 
are being proposed to evaluate the fully inserted, in-core 
design positions of the adjuster rods by performing addi-
tional γ-ray profile scans.
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1. Introduction

Many computer programs that solve the neutron transport equation require the 
input data to specify a computational mesh that partitions the space to be analyzed, 
and make the approximation that in each thus-defined mesh space the neutron flux 
(hereafter just called “flux”) is constant as a function of position.  The choice of the 
mesh structure directly affects the speed and precision of the resulting transport 
calculations.  “Precision” in this context means agreement between the solution 
that the program calculates and an exact solution of the continuous transport equa-
tion that the program represents in its discretized approximation.  Such precision 
is one of the requirements for the accuracy of a mathematical model; examples of 
other requirements are accuracy of physical data and conformance of the continu-
ous equation to the actual physics.  This statement supposes that imprecision is 
not to be deliberately introduced to cancel out inaccuracy from other sources, i.e. 
no phenomenological fitting.  This paper describes a method of optimizing such a 
mesh, so that it yields more precise results using fewer mesh spaces than with ear-
lier optimization methods, with particular application to a cluster-type lattice cell.
 
One purpose that mesh optimization can serve is economy; the mesh is to yield 
the best compromise between computing time, which depends primarily on the 
number of mesh spaces, and the precision of the results, which depends on their 
fineness.  This goal is important if the mesh is to be used many times; for example, 
if a mathematical model that uses the mesh is to be validated for design and opera-
tion of nuclear facilities.  

Another purpose that mesh optimization can serve is maximum precision.  Finer 
mesh spaces reduce discretization error, but roundoff error increases with the 
number of mesh spaces, so that mesh optimization is also necessary for maximum 
precision.  Since an exact solution of the transport equation is not available, a refer-
ence solution with maximum precision is necessary to gauge the precision of each 
mesh that is proposed for optimization for economy.
  
Optimization of a mesh involves test runs with varied meshes to learn the result-
ing precision and the execution time for each proposed mesh.  An infinite variety 
of meshes can represent any one physical configuration, but practicality limits the 
number of test runs.  Consequently, optimization requires inference techniques 
that can identify a practicably small subset of all possible meshes, with assurance 
that the optimum mesh will be in that subset.  This paper describes an improved 
technique, which identifies a smaller such subset of the meshes that describe a 
cluster-type lattice cell than previous common practice, described below, identi-
fies.  As illustration, this paper uses it to optimize a two-dimensional representa-
tion of a 37 element, natural-uranium, CANDU® lattice cell [1, 2, 3, 4, 5] in the lattice 

For programs that solve the neutron 

transport equation with an approximation 

that the neutron flux is constant in each 

space in a user-defined mesh, optimization 

of that mesh yields benefits in computing 

time and attainable precision.  The previous 

best practice does not optimize the mesh 

thoroughly, because a large number of 

test runs of the solving software would 

be necessary.  The method presented here 

optimizes the mesh for a flux that is based 

on conventional approximations but is more 

informative, so that a minimal number 

of parameters, one per type of material, 

must be adjusted by test runs to achieve 

thorough optimization.  For a 37 element, 

natural-uranium, CANDU® lattice cell, 

the present optimization yields 7 to 12 

times (depending on the criterion) better 

precision than the previous best practice in 

37% less computing time.  
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The approximations in Equations (1) and (2) are realistic 
only if the coefficients and  depend on neutron energy, 
but mesh-based transport-analysis software uses the same 
mesh at every energy.  Equation (3) resolves this paradox; it 
yields a set of annuli that is independent of the coefficients 

 and  (with a removable singularity at   ), and thus 
has the necessary independence of energy.  More sophisti-
cated approximations would lack this property.  With Equa-
tions (1) and (2), Equation (3) yields the results, found in 
the cited and much other work, that inside a cylinder the 
annuli have equal area, and outside an isolated cylinder the 
annuli have equal ratios of inner to outer radius. 

The weakness of the approximations in Equations (1) and 
(2) is that they are appropriate only for isolated cylinders.  
Multiplicity of cylinders, such as fuel rods in a bundle and 
fuel channels in a lattice, causes azimuthal variation of flux 
and different fluxes in different fuel rods, for which those 
equations give no estimate.  Proper account of these addi-
tional variables without a more informative mesh-criterion 
flux would call for an impractical number of test runs.  Most 
related previous work, here called “previous common prac-
tice”, uses an equal number of annuli in every fuel rod, an 
equal number of sectors in every annulus (except where 
sectors are obviously redundant because of symmetry), and 
an equal angle spanned by every sector in an annulus [6, 7, 
8].  Even with these simplifications, additional test runs are 
required to decide the numbers of sectors, and yet the thus-
derived mesh is not optimal, as is shown in Section 5.  

3. Present Method

3.1 Basic Idea

The method of optimization presented here uses a mesh-
criterion flux that is based on the conventional approxima-
tions in Equations (1) and (2), but that consists of more 
informative linear combinations of those expressions.  It 
approximates the azimuthal dependence of the actual flux 
and relates fluxes in different parts of the lattice cell to the 
greatest extent possible with such approximations.  An al-
gorithm then derives an optimum mesh from that mesh-
criterion flux, guided by parameters that must be adjusted 
by test runs.  This approach reduces the number of param-
eters that must be adjusted by test runs to one parameter 
for each distinctive category of material, i.e. coolant, fuel, 
fuel sheaths, each material in the fuel channel (typically 
pressure tube, annular void, and calandria tube), and mod-
erator.  This seems to be the minimum set of parameters 
that must be determined by test runs, because the actual 
flux depends on the characteristics of these materials in a 
manner that requires transport calculations. 

The parameters to be thus adjusted may be defined in 
various ways; those used here are interpretable as numbers 
of mesh annuli, hereafter denoted Ncategory, that are to be 

code WIMS AECL [6], and compares that mesh with a mesh 
that was optimized for the same purpose, configuration, 
and software by previous common practice.  The improved 
technique yields a greatly different mesh, which yields con-
siderable gain in precision and somewhat reduced comput-
ing time compared with previous best practice.

2. Basic Previous Methods

The algorithm derived here that performs part of the op-
timization of a mesh is based on a technique of adaptive 
meshing that underlies most related previous work [6, 7, 
8] as is shown below: since the flux in each mesh space is 
approximated to be constant, the imprecision incurred by 
the use of a proposed mesh is an increasing function of the 
greatest range, i.e., maximum minus minimum, of the ac-
tual flux in a mesh space.  Thus, part of the optimization 
becomes the well-defined condition of having equal range 
of flux in each mesh space.  Use of the actual flux in this 
measure would be impractical, but optimization can be 
achieved with an approximation of the actual flux.

Although this basic concept is widely used, there seems to 
be no standard name for the approximate flux thus used; it 
is hereafter called the “mesh-criterion flux”.  It is denoted 

; the origin of coordinates is the center of the fuel chan-
nel.  The equation for  differs, depending on what part 
of the cell is at Its units cancel out in use, so it is here 
considered unitless.  

The optimization used by the cited and other work follows 
from the approximations that inside a cylindrical region of 
approximately uniform neutronic properties

( ) ( ) 1
2

11 brarf +ρ=


and outside a cylinder, in a surrounding region with proper-
ties contrasting the cylinder,

( ) ( )( ) 222 log brarf +ρ=


in which           is distance from the central axis of the cylin-
der.  These approximations follow from the diffusion equa-
tion in the limit of small distances [9].
  
The symmetry of these expressions implies that each such 
region is to be subdivided into annular mesh spaces with 
which to represent the discretized flux.  Thus, the above-
stated condition of equal range of flux in each mesh space 
is that

in which NAnnulus is the number of annuli used in a cylindri-
cally bounded region.  
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used in each of the above-listed categories of material, with 
dimensions that occur in the actual problem.  This sort of 
definition facilitates human judgement in the selection 
of test runs, because it is familiar to users of the sort of 
transport software here considered.  As is shown below, all 
the detailed parameters that characterize a mesh, denoted 
Ncategory with additional subscripts, are uniquely determined 
by a set of values of  Ncategory for the above-listed categories, 
so that only the set of values of Ncategory has to be selected by 
test runs.

Because fuel composition changes according to the flux in 
it, fuel is represented as a distinct material in each mesh 
space (except for amalgamation among mesh spaces that 
have equal fluxes because of symmetry), with uniform ini-
tial composition.  The parameters Ncategory thus determine 
not only the representation of the flux, but also the repre-
sentation of the fuel materials.  

This basic idea is applied below to a cluster-type lattice cell, 
such as in a CANDU lattice.

3.2 Structural Materials

Structural materials, i.e., fuel sheaths and fuel-channel com-
ponents, are designed to have minimal effect on the neutron 
flux by choice of materials and by minimization of quanti-
ty.  Consequently, representation of azimuthal variation in 
them has proven unnecessary if the fuel bundle is centered 
in the fuel channel [6, 7, 8].  Less symmetric configurations 
have not yet been analyzed by the methods described here.  
Because flux in structural materials is dominated by regions 
they surround, radial variation is represented in accordance 
with Equations (2) and (3).  This procedure is no different 
from the previous common practice; one parameter for the 
mesh in each structural material is to be adjusted by test 
runs.

3.3 Lumen of Fuel Channel

3.3.1 Materials

To define the mesh-criterion flux in the lumen of the fuel 
channel, the materials to consider are coolant and fuel.  Con-
sequently, two parameters, Ncoolant  and Nfuel , are used in the 
definition of the mesh-criterion flux in the lumen, and are 
to be chosen per test runs.  In the following,   is defined 
using terms with a range of 1 over a cylinder containing one 
category of material, and each such term is multiplied by 
either Ncoolant and Nfuel.  A maximum value of 1 is imposed on 
the range of the mesh-criterion flux in every mesh space in 
the lumen.  This combination of normalization and condi-
tion has the effect that Ncoolant and Nfuel can be interpreted as 
numbers of annuli.  A direct illustration of this feature fol-
lows Equation (5). 

A consequence of this normalization is that in any subset of 
the lumen, the required number of mesh spaces is the Ceil-
ing of the range of the mesh-criterion flux in that subset, in 
which Ceiling is a function that returns the smallest integer 
greater than or equal to the argument.

Since the fuel is in cylinders surrounded by the contrast-
ing material coolant, and the lumen, containing fuel and 
coolant, is cylindrical and is surrounded by the contrasting 
materials fuel channel and moderator, the mesh-criterion 
flux in the lumen is based on adaptations of Equation (1) to 
these cylinders.

3.4 Mesh Optimization in Coolant

The mesh-criterion flux used in the coolant is, by adapta-
tion of Equation (1),

( ) ( ) ( ) ( ),rod fuellumenforCoolant ∉∧∈= rrrfrf 

in which

( ) ( ),InnerCoolant 2
InnerCoolant 

2
OuterCoolant 

2
InnerCoolant 

2

CoolantCoolant Rf
RR
RrNrf +

−
−

=


RCoolant Outer is the inside radius of the fuel channel, and 
RCoolant Inner is the radius of the central rod of the fuel 
bundle if there is one, 0 if not.  is the magnitude of  
and is equal to .  RCoolant Inner is defined by Equation 
(6) below as the mesh-criterion flux at the surface of 
the central fuel rod if any, 0 if not.  Because the range of 

 in the coolant is  NCoolant and the range of  in each 
mesh space is limited to 1, NCoolant is the number of annuli.

Azimuthal dependence in coolant does not need to be rep-
resented, because the fuel rods are packed closely in com-
parison with mean free paths in the coolant, and symmetri-
cally [6, 7, 8]. The resulting mesh in the coolant is identical 
to the previous common-practice mesh, per Equation (3), 
but Equation (5) has further importance because of its use 
in the following section.

Because of the small neutronic effect of fuel sheaths, the 
mesh-criterion flux is defined to be continuous at the 
boundaries that would exist between fuel and coolant in the 
absence of the sheaths.  Thus, even though Equations (4), 
(6), and (7) have domains in different materials, they are 
interrelated by this condition of continuity at the boundar-
ies between their domains.  Equation (5) includes constant 
terms whose purpose is to satisfy this continuity condi-
tion, even though they have no effect in the derivation of 
the mesh by Equation (3).  In related equations below, this 
condition of continuity is practically important; adherence 
to it in Equation (5) maintains logical consistency.  

( )rf 

(4)

(5)

.rr
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3.5 Mesh Optimization in Fuel

3.5.1 Mesh-Criterion Flux in Fuel

The mesh-criterion flux in the central rod of the fuel bundle, 
if there is one, or that otherwise would be considered to ap-
ply in the innermost rod of the fuel bundle if it were central, 
is, by adaptation of Equation (1),

in which RInner Fuel  is the radius of the fuel in the fuel rod clos-
est to the cell’s center, which is the central fuel rod if one 
exists.  The numbers of annuli used in different fuel rods de-
pend on NFuel through Equations (7) and (8), which contain 
expressions that do not generally yield integer values even 
when NFuel is an integer.  For this reason, a non-integer value 
of NFuel will in general result from the optimization, and the 
number of annuli used in a central rod is Ceiling(NFuel).  If 
there is no central fuel rod, then Equation (6) only serves as 
a definition of the parameter NFuel by stating how many an-
nuli the innermost rod would have if it were central.

In a non-central cylinder of fuel, the mesh-criterion flux is 
the sum of Equations (5) and (6), applied at the location of 
the cylinder,

( ) ( )fuel centralfor2
FuelInner 

2

Fuel ∈= r
R

rNrf 

( ) ( ) ( ) ( )jr
R

RPr
Nrfrf jj number cylinder  fuelfor2

FuelInner 

2
Fuel

2
Fuel

FuelCoolant ∈
−−

+=





in which  is the center of the fuel rod and RFuelj is its 
radius.  This sum satisfies the condition of continuity of 
flux between coolant and fuel, and it thus represents the in-
crease in the gradient of the flux in the fuel that is caused by 
proximity to the moderator [6].  Because RFuelj is constant, 
its inclusion in Equation (7) has no effect on the derived 
mesh; but it yields continuity between fuel and coolant, 
which is essential to the logic.  Because the two terms in 
Equation (7) are multiplied by the two independent quanti-
ties NCoolant and NFuel , the sum does not represent the actual 
flux in any energy group.  Rather, a high value of NFuel leads 
to a correspondingly exaggerated gradient of the flux in the 
fuel.  This yields correspondingly enhanced fineness of the 
mesh in the fuel.  

The use of RInner Fuel
2 in Equation (7) implies that the param-

eter  in Equation (1) is the same in fuel rods of different 
radii and that the number of annuli necessary in a central 
rod depends quadratically on its radius, which is a reason-
able approximation if their initial compositions are the 
same.  The present process has not been applied with fuel 
rods of different initial compositions; with strong differenc-
es, distinct values of NFuel  for each initial composition would 
presumably be necessary for good optimization.

Thus, geometry and two quantities chosen per test runs,    

NCoolant  and NFuel, completely determine the mesh-criterion 
flux in every fuel rod and in the coolant.  That and the condi-
tion of a maximum range of 1 in each mesh space then com-
pletely determine the mesh in fuel and coolant as follows.

3.6 Optimization of Annuli in Fuel

The restriction to a range of 1 in each annulus and the dif-
ference in between the center of a cylinder of fuel and 
its surface nearest the moderator yields the number of an-
nuli in fuel cylinder number j,

( ) ( )( )jjjjj PfPRPfN FuelFuelFuelFuelFuel
ˆCeiling


−+=

in which is a unit vector pointing away from the cen-
ter of the fuel channel, i.e. and the condition of 
uniform range of mesh-criterion flux implies that the out-
side radius of the kth annulus in fuel cylinder number j is

( ) ( ) ( ) ( )( )
j

jjjjjjkjjkj N
kPfPRPfPfPPf
Fuel

FuelFuelFuelFuelFuelFuel,FuelFuel,Fuel
ˆˆ:


−+=−ρ+ρ

in which .

Figure 1C shows in a particular example (described below) 
how the annuli become finer as fuel rods are farther off-
center, in addition to the conventional trend toward thinner 
annuli toward the outside in each fuel rod.

Figure 1
Derivation of mesh from mesh-criterion flux. (a) annulus in 
fuel, divided along contours of mesh-criterion flux in cool-
ant; (b) approximation of division in above figure with sec-
tors; (c) optimum mesh in the lumen for 37-Element exam-
ple; (d) surface plot of mesh-criterion flux in moderator in 
one quadrant of a cell; (e) contour plot and optimum mesh 
for above example, in moderator.

(a)

(c)

(b)

(d) (d) 
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in which is a rotation operator through the azimuth-
al angle  , and   .  For each such l, two sym-
metrically related solutions    exist, so there are   
sectors.  Figure 1C shows in a particular example how the 
mesh boundaries between sectors conform in their spacing, 
but do not necessarily coincide, with mesh boundaries in 
the coolant. 

A pair of sectors that are defined by the same values of l will 
have equal fluxes by symmetry, and therefore may be de-
fined to have the same material, as is illustrated by the colors 
in Figures 1a and 1b.  Although an annulus has   
sectors, only  different fluxes occur in them.  In the 
example in Figure 1c, the fuel is represented as 50 different 
materials, though with uniform initial composition.

3.8 Moderator

3.8.1 Mesh-Criterion Flux in Moderator

The mesh-criterion flux in the moderator is defined to sat-
isfy reflective or periodic boundary conditions on the cell 
boundaries, by supposing that it is in an infinite lattice.  De-
partures from such boundary conditions are managed in-
dependently of the optimization process, as is described in 
Section 5.  The mesh-criterion flux is

Thus, the angles are
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3.7 Optimization of Sectors in Annuli Fuel

The second term in Equation (7) is invariant under rotation 
about the center of the cylinder; all the azimuthal depen-
dence in Equation (7) is in the first term, which is identical 
to Equation (5).  In the optimization of sectors within the 
above-described annuli, may be defined by either of 
those equations with the same result.  For simplicity, Equa-
tion (5) is used here.

The required number of angular subdivisions in the kth an-
nulus is determined by the range of the azimuthal variation 
of the mesh-criterion flux in that annulus.  Thus, 

( ) ( )( )jkjjjkjjkj PPfPPfN Fuel,FuelFuelFuel,FuelFuel,Fuel
ˆˆCeiling ρ−−ρ+=



If  , the annulus is not divided into sectors.  Oth-
erwise, Figure 1A shows an exemplary annulus with 

, subdivided along contours of Equation (5), which 
occur at uniform steps of the value of Equation (5).  How-
ever, WIMS AECL and similar software subdivides annuli 
along azimuthal boundaries, into sectors.  Consequently, 
the subdivision in Figure 1a is approximated by the sectors 
exemplified in Figure 1b, such that each defining contour of 
Equation (5) intersects a sector boundary at the root-mean-
square radius of the annulus,

( ) ( )( )
( ) ( )

( )moderatorfor
tan

2log 2
1

2

Channel
Channel

∈
π
π

+−−= ∑
∈

r
Pss

rPrrf
NKP

j
j






The origin of coordinates is the center of the cell. P1 is the 
distance from there to the center of a nearest neighbor.  
K(N) is the set of locations of centers of fuel channels at dis-
tances    from the center of the cell of interest (includ-
ing distance 0); the x axis points to a nearest neighbor. s is 
the number of sides of each cell, e.g., four for a square lat-
tice.  The first term represents the mesh-criterion flux in the 
moderator due to each cell with a channel in K(N) per Equa-
tion (2). The second term represents the infinite number of 
other cells approximated as a continuous medium, which 
yields a flux in the cylinder occupied by K(N) per Equation 
(1).  Equation (12) has no particular normalization; there 
is no simplification analogous to the normalization of the 
mesh-criterion flux in the lumen because of the weighting 
in Equation (13). 

Equation (12) only approximately satisfies the boundary 
condition of zero gradient perpendicular to the cell’s bound-
aries.  The coefficient of is determined by the condi-
tion that the perpendicular gradient integrated around the 
cell’s boundaries is 0.  The approximation improves, i.e., the 
maximum magnitude of perpendicular gradient across the 
boundary decreases, as N increases. The set K(3) is recom-
mended; it has only 29 members in a square lattice, but it 
satisfies the reflective boundary condition with precision, 
defined by (maximum magnitude of gradient across bound-
ary linearly extrapolated across cell) / (range of in 
moderator), better than 0.1%.  Equation (12) with K(3) for 
one quarter of a square lattice cell is shown as a surface plot 
in Figure 1d, and as a contour plot in Figure 1e.

3.8.2 Optimization of the Mesh in the Moderator

The number of annuli used in the moderator is NModerator, 
which is another parameter to be optimized by test runs.  
As a function of the magnitude,  , the mesh-criterion flux 
has its greatest range when   is directed along a diagonal, 
e.g. in the direction  .  The mesh in the moderator can-
not be optimized by setting the radii of the annuli and then 
assigning sectors in each, as elsewhere in the cell, because 
of the more complicated dependence of the mesh-criterion 
flux on position.  However, in the procedure used here, an 
initial assignment is made, that annulus j has outside radius
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5. Results for 37-Element Example

5.1 Choice of Parameters

The above logic yields an optimized mesh, given a set of val-
ues of the parameters.  The other component of optimiza-
tion is the choice of that set of values.  Even with the more in-
formative mesh-criterion flux, this optimization occurs in a 
rather high-dimensioned space.  The mesh in structural ma-
terials is fairly simple to optimize, and the present method 
offers no improvement on previous common practice.  Test 
runs with the present mesh optimization have confirmed 
earlier findings that, for economy, one annulus in each such 
material is optimum, and for the highest precision one an-
nulus in each fuel sheath and three annuli in each other 
structural material suffice.  However, there remain the five 
parameters NCoolant, NFuel, NModerator, NLine, and NAngle. 

Although sophisticated methods exist for optimization in 
multidimensional space with a minimum number of test 
runs, for the present work many sets of these parameters 
have been given test runs, with the goal of general under-
standing of the effects of varied choices as well as finding 
an optimum.  

5.5 Optimization Metrics

Although the mesh-criterion flux derived above closely 
resembles plots of actual flux [6], its ultimate test is the 
agreement between calculations made with meshes op-
timized in accordance with it and a reference calcula-
tion optimized for precision.  The reference calculation

procedure makes the mesh worse, not better, because of the 
discontinuous behavior of Equation (14). 

4. Tracking Lines

In software that uses collision probabilities, such as WIMS- 
AECL, most of the computing time is consumed in preparing 
a matrix of collision probabilities.  This time depends on the 
number of tracking lines, which are used for ray tracing [6], 
as well as the fineness of the mesh.  For the sake of precision 
consistent with the fineness of the mesh, different spacings 
are used for different ranges of distance of tracking lines 
from the cell center.  The spacing of tracking lines in each 
radial range is proportional to the thickness of the thinnest 
annulus through which each tracking line passes at its clos-
est approach to the center of the lattice cell.  The ratio is 
denoted NLine, defined such that a larger value means more 
lines, and is another parameter to be optimized by test runs. 

The number of angles of tracking lines, NAngle, is another 
parameter to be optimized by test runs.  One value is used 
throughout each test run.

in which the positions   are expressed in polar coordi-
nates of radius and angle. RChannel is the inside radius of the 
moderator.  The weights, wk  , are all 1 for this initial assign-
ment. 

Sectors are assigned to each annulus in accordance with its 
radii.  Minimization of the number of mesh spaces subject 
to a restriction on the range of the mesh-criterion flux is 
equivalent to maximization of the area of each mesh space 
subject to the same restriction.  In a first-order approxima-
tion, this maximum occurs when the radial variation and 
the azimuthal variation of the mesh-criterion flux are equal.  
Consequently, in annulus number j, in each of the 2s sym-
metrically related sectors, the number of sectors is
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in which NInt (x) is a function that returns the integer near-
est x,  

is the root-mean-square radius of moderator annulus j, and

if the circle of radius   intersects the cell boundary, 
0 otherwise.
  
If NModeratorj >1 then NModeratorj sectors are defined in each sym-
metrically related sector. Their bounding angles are such 
that the range of the mesh-criterion flux is the same in ev-
ery sector in annulus number j.  Any adjacent two sectors 
whose common boundary is one of the 2s lines of reflec-
tion symmetry are then merged, because the range of the 
mesh-criterion flux is no greater in that union than in its 
components.

In accordance with Section 2, the incurred error attributed 
to each annulus is the range of the mesh-criterion flux in 
each of its sectors if it has them, or in the whole annulus 
if not.  The criterion of optimization requires all of the at-
tributed incurred errors to be equal.  Although the above-
described steps are designed for that goal, the attributed in-
curred errors typically vary, because Equation (14) changes 
discontinuously as a function of the properties of an an-
nulus.  Worst is the transition in consecutive annuli from 
no sectors to two sectors, which changes the attributed in-
curred error by almost a factor 2.  

As a partial remedy, the radii of the annuli are then reas-
signed per Equation (13), but this time weight   is the inverse 
of the incurred error attributed to annulus number k.  Then, 
the above-described assignment of sectors per Equation 
(14) is repeated.  This reduces the range of variation of the 
attributed incurred errors typically to ±20% of the average.  
Better apportionment of these weights would yield better 
optimization, but further iteration by the above-described 
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for the 37 element, natural-uranium, CANDU lattice cell [1, 
2, 3, 4, 5] example used here is derived from the parameters  
NCoolant = 40, NFuel = 8.2, NModerator = 60, NLine = 4.4, and NAngle = 
11.1 annulus in each fuel sheath, and 3 annuli in each fuel-
channel component. (This fineness makes a diagram im-
practicable.)

Two metrics of agreement are used throughout the pres-
ent work: agreement of  , and agreement of change of  

 upon removal of coolant.  The latter is hereafter called 
“CVR” for “coolant void reactivity”.  From each test run, these 
quantities are compared at a predetermined set of five irra-
diation times that correspond approximately to fresh fuel, 
equilibrium short-term poison, maximum  , half-way 
thereafter to the following point, and   = 1 Root-mean-
squares over those five irradiation points of the two metrics 
are shown in Figure 2.  A few test runs have also gauged 
the degrees of agreement in change of   as a function of 
fuel temperature and of moderator boron concentration.  
Agreements by these criteria are similar to the agreements 
in CVR.  These optimization metrics are the important ones 
for applications thus far made of the present process; it has 
not been tested against other optimization metrics, such as 
detailed power and flux distributions.  

Figure 2
Root-Mean-Square differences from precise calculation in 
milli-k versus computing times relative to previous best 
practice for 37-Element example.
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Finer and coarser reference meshes have also been tried; 
results have nearly the same relative positions as shown 
in Figure 2, but with the whole set of discrepancies shift-
ed higher by 0.1 to 0.2 milli k.  Thus, the present reference 
mesh seems to be near a shallow optimum of precision.  

Computing times shown in Figure 2 are expressed as mul-
tiples of the computing time on the same computer with a 
previous “standard” mesh, which is further described be-
low.

5.3 Optimization

The best possible precisions for different amounts of com-
puting time are the lower envelopes of the two sets of re-
sults.  Figure 2 shows that greater computing time can be 
rewarded with greater precision up to 0.63× the comput-
ing time for the previous best-practice mesh, and comput-
ing time above that is wasted; a discontinuity in the trend 
occurs at that point in the agreements for  , and the 
agreements for CVR, although not so clearly patterned, are 
consistent with it.  The mesh at that transition is labelled 
“Optimum” in Figure 2, because it will indeed be optimal for 
any purpose other than an overwhelming need for speed.  
Its parameters are NCoolant = 10, NFuel = 4.2, NModerator = 15, NLine 
= 1.5, and NAngle = 7. It is shown in Figures 1c and 1e.

5.4 Comparison with Previous Common-Practice Opti-
mization

5.4.1 Subject of Comparison

The above-described “optimum” mesh is here compared 
with a mesh that was previously designed as a “standard” 
mesh for the same configuration.  Like the “optimum” mesh 
derived here, that previous mesh is optimized for a good 
compromise of speed with economy, and intended to be 
run on the same version of WIMS AECL [6], using present-
day computing hardware.  The one important difference is 
that that mesh was designed according to previous com-
mon practice as described in Section 2.  Because of these 
similarities and differences, that mesh is referred to here as 
“previous best practice”.  It is shown in Figures 3a and 3b.

5.4.2 Precision

Figure 2 also shows precisions obtained with the previous 
best-practice mesh; they are near the upper-right, i.e., least 
favorable corner.  In 0.63× the computing time for the previ-
ous best-practice mesh, the “optimum” mesh yields about 
12× better precision in     and 7× better precision in CVR.  
These strong differences correspond with strong contrasts 
between the two meshes, which are described below. 

5.4.3 Mesh in Lumen
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The respective meshes in the lumen are shown in Figures 
1c and 3a.  In the coolant, the optimum mesh is identical to 
the previous best-practice mesh.  In the fuel, the previous 
best-practice mesh has the same 4 annuli in each cylinder 
of fuel, with 2 sectors in each annulus except in the central 
rod, making 8 mesh spaces in each fuel cylinder except for 
4 in the central rod.  The optimum mesh in the fuel is much 
finer and more varied; the consecutive rings of fuel have 5, 
6, 6, and 7 annuli, and the numbers of sectors range from 1 
to 6.  In the outer ring, each cylinder of fuel has 22 subdivi-
sions after deducting for symmetry per Section 3, versus 8 
in the previous best-practice mesh there.  This contrast is 
probably the main reason for improved precision. 

5.4.4 Mesh in Moderator

The opposite contrast occurs in the moderator; the respec-
tive meshes are shown in Figures 1e and 3b.  The previous 
best-practice mesh there has there 36 annuli, totalling 434 
mesh spaces.  The optimum mesh has only 15 annuli, total-
ling only 62 mesh spaces.  The contour bands that underlie 
the mesh in Figure 1e show how the apportionment of sec-
tors results from optimization according to the mesh-cri-
terion flux.  Although the optimum mesh uses only 1/7 as 
many mesh spaces, the narrowest sectors in the optimum 
mesh have angular span of only 9.7°, while all the sectors in 
the previous best-practice mesh have angular spans of 15°.  
This means that most of the sectors in the previous best-
practice mesh have wastefully small ranges of the mesh-
criterion flux, yet some of those sectors have larger ranges 
than in the optimum mesh.  

Similar contrast occurs in the apportionment of annuli, and 
is due to the representation of reflective boundary condi-
tions in the present mesh-criterion flux.  Indeed, test runs 
show good precision with NModerator = 12, but a value of 15 
allows for deviation from reflective boundary conditions 
in a multicell case.  Similarly, although the above-described 
optimization yields a particularly large mesh space in each 
corner of a square cell as shown in Figure 1e, that mesh 
space is divided into two radially for better representation 
in a multicell case.  

6. Conclusion

For neutron-transport software that divides the analyzed 
configuration into mesh spaces and makes the approxima-
tion of constant flux in each such space, optimization of the 
mesh can have great effects on the accuracy of the solution 
and on the execution time.  For a lattice cell with cluster 
geometry, inference of an optimum mesh from the mesh-
criterion fluxes given by Equations (7) and (12), in com-
parison with the previous best practice based on Equations 
and (2), enables an optimum mesh to be formed with fewer 
test runs of the solving software, and produces a mesh that 

requires less computing time but produces a considerably 
more precise result for the integral parameters against 
which it has been tested.  This conclusion has not yet been 
tested against detailed parameters, such as power and flux 
distributions. 

Improved precision stems mainly from informed, finer sub-
division in fuel rods, emphasizing those that are farther off-
center, while improved execution time stems mainly from 
informed reduction in the number of subdivisions in the 
moderator.  However, the latter reduction can degrade flux 
mapping in the moderator. 

The observed improvements stem ultimately from use of a 
more informative mesh-criterion flux.  In other transport 
calculations, optimization by means of similarly informa-
tive mesh-criterion fluxes may also improve precision and/
or reduce computing time.  
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I. Introduction

The vortex-shedding phenomenon has been a subject of research since it was ob-
served by Leonardo da Vinci. Vortex shedding occurs due to the boundary layer 
separation around bluff bodies in cross-flow. The boundary layer separates into 
two shear layers that trail and roll-up in the near field forming a periodic vortex 
street. In the case of a duct containing a bluff body such as a circular cylinder, when 
the vortex shedding frequency coincides with one of the acoustic natural frequen-
cies of the duct, a feedback cycle may occur where the vortex shedding acts as a 
sound source and excites an acoustic standing wave which, in turn, enhances the 
shedding process and thereby creates a strong acoustic resonance. This process is 
known as flow-excited acoustic resonance.

While there has been a large amount of research on the flow around circular 
cylinder(s) because of its wide application in engineering practices, see for example 
Zdravkovich [1, 2], Igarashi [3, 4], Ljungkrona et al. [5], Lin et al. [6], Alam et al. [7]
and Sumner [8, 9], the flow-excited acoustic resonance phenomenon has received 
considerably less attention. Better understanding of this excitation mechanism and 
the details of the coupling mechanism and the associated energy transfer between 
the flow field and the resonant sound field for the simple cases of a single, tan-
dem, and side-by-side cylinders is necessary in order to explain the phenomenon 
of flow-excited acoustic resonance in more complex flow situations such as those 
existing in tube arrays. It would also help developing effective means to control and 
avoid the occurrence of acoustic resonances.

The flow patterns around two cylinders arranged close to one another in tandem, 
side-by-side, or staggered configuration, as shown in Figure 1, are very different 
from the case of a single cylinder in cross-flow due to the interference mechanism. 
This interference could create hydrodynamic forces that may enhance or suppress 
the vortex shedding process. Pressure measurements and flow visualization have 
often been used in the literature to identify the interference regions between two 
cylinders. Zdravkovich [1] reported that for the case of two tandem cylinders, there 
is no existence of vortex shedding behind the upstream cylinder for spacing ratios 
(L/D) less than 3.8, where L is the center to center distance between the cylin-
ders and D is the cylinder diameter. Moreover, a “critical spacing” was introduced 
to specify the center-to-center spacing at which vortices start to form in the gap be-
tween the cylinders. The critical spacing (L/D) was found to be about 3.5, and it is 
slightly influenced by Reynolds number. For the case of two side-by-side cylinders 
with intermediate spacing ratios, T/D < 2.2, the wakes exhibit bi-stable flow. This is 
characterized by a wide-open wake behind one cylinder and a closed-narrow wake 
behind the other creating a biased jet between the two cylinders that can switch 
its biased direction to either of the two cylinders. However, for large spacing ratios, 
T/D > 2.2, the two side-by-side cylinders do not exhibit bi-stable flow properties. 

Self-excited acoustic resonance is a design 

concern in many engineering applications 

such as tube bundles of heat exchangers 

and boilers. Since this phenomenon is not 

yet fully understood, it can be dangerously 

unpredictable. Due to the complexity of 

the flow-sound interaction mechanisms 

in tube bundles, the simplified cases of a 

single cylinder and two cylinders in various 

arrangements, tandem and staggered, are 

investigated in some detail. A summary 

of these investigations is presented in 

the current paper. It is found that the 

aeroacoustic response of two-tandem and 

side-by-side cylinders in cross-flow can be 

considerably different from that of a single 

cylinder under similar flow conditions. 

Moreover, for the case of two tandem 

cylinders, the acoustic resonance is excited 

over two different ranges of flow velocity; 

the pre-coincidence and the coincidence 

resonance ranges. The pre-coincidence 

acoustic resonance phenomenon is found 

to be similar to the acoustic resonance 

mechanism of in-line tube bundles.
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different locations in the transverse direction [10]. He con-
cluded that it is the acoustic particle velocity, not the acous-
tic pressure that causes the entrainment process.

In the case of oscillating bluff body, whether the oscillations 
are self-induced or externally imposed, the lock-in condi-
tion can be achieved if the oscillating frequency in the trans-
verse direction is close to the vortex shedding frequency. 
Lock-in can also be achieved if the oscillating frequency in 
the stream-wise direction is close to twice the vortex-shed-
ding frequency [11]. The lock-in condition in the forced 
oscillation has some similarities with the case of acoustic 
resonance. One of the early investigations of the wake struc-
ture behind a vibrating circular cylinder was performed by 
Koopmann [12]. The experiments were conducted in a low 
turbulence wind tunnel at Reynolds number ranges of 100, 
200 and 300. For the case of a stationary cylinder, three-
dimensional pattern of the vortex shedding was observed. 
However, when the cylinder vibrates at a frequency equal 
or close to that of the natural vortex shedding process, the 
wake structure behind the cylinder becomes two dimen-
sional, i.e., the vortices along the cylinder span are corre-
lated (shed in-phase) and the vortex filaments are shedding 
parallel to the cylinder. Moreover, during this two-dimen-
sional shedding, the upstream turbulence did not have any 
effect on the wake structure. This observation is similar to 
that observed by Blevins [10] for the case of externally ap-
plied sound. Koopmann [12] examined also the conditions 
for which the vortex shedding frequency was locked-in to 
the oscillation frequency of the cylinder. He observed that 
when the cylinder oscillates with a frequency equal to that 
of the vortex shedding, a minimum oscillation amplitude of 
about 10% of the cylinder diameter is required to initiate 
the lock-in mechanism. Nevertheless, the upper and low-
er ranges of oscillation frequencies for the lock-in region, 
around ±25% of the vortex shedding frequency, depend on 
the oscillation amplitudes and to some extent depend also 
on Reynolds number. Moreover, Koopmann [12] observed 
that when the cylinder oscillates at the upper frequency 
limit, the longitudinal spacing between the vortex filaments 
decreases, and when the cylinder oscillates at the lower fre-
quency limit, the longitudinal spacing between the vortex 
filaments increases.

Griffin & Ramberg [13] conducted experiments in an open-
jet wind tunnel at Reynolds numbers of 144 and 190 to in-
vestigate the effect of cylinder vibration on the wake struc-
ture of vortex shedding. Velocity measurements in the near 
field and flow visualization were performed. They found 
that by increasing the oscillation amplitude of the cylinder, 
the length of vortex formation decreases. Moreover, the lat-
eral vortex spacing is inversely proportional to the oscilla-
tion amplitude, whereas the longitudinal vortex spacing is 
inversely proportional to the oscillation frequency, which is 
similar to that observed by Koopmann [12].

Instead, the wakes appear more symmetric and will become 
dominated by vortex shedding at a single frequency. 

The vortex-shedding could be altered by the excited acous-
tic standing wave, and a significant change to the flow pat-
tern around the bluff body could take place. The acoustic 
standing wave forces the flow to oscillate around the bluff 
body. The effect of acoustic resonance on the vortex shed-
ding process can be investigated by either oscillating the 
flow around a fixed body using an external sound field, or 
by oscillating the body itself. Both of these approaches pro-
vide controlled experiments to investigate the flow-acoustic 
coupling process, and may explain the changes in the flow 
patterns and the exerted hydrodynamic forces on the cyl-
inders due to the applied sound. But it is rather difficult to 
understand the mechanism of energy transfer between the 
flow field and the sound field unless the self-excited reso-
nance case is investigated.

self-excited acoustic resonance of isolated cylinders in cross-flow
a. mohany

Figure 1
Two cylinders arranged in (a) tandem; (b) side-by-side; and 
(c) staggered.

Blevins studied the effect of sound on vortex shedding from 
a single cylinder [10]. His experiments were performed in 
a wind tunnel with and without externally applied sound 
field at Reynolds numbers up to 8.5×104. The acoustic 
standing wave was excited across the test section using two 
electromagnetic speakers. It was observed that the sound 
field could correlate the vortex shedding in the span-wise 
direction, which makes the shedding process more intense. 
Blevins measured the coherence between a flush-film and 
a movable probe along the cylinder span with and with-
out externally applied sound [10]. He observed that for 
the case of externally applied sound, the vortex shedding 
is two-dimensional and the turbulence intensity in the ap-
proach flow does not have any effect on the coherent struc-
ture of the vortex shedding. Moreover, by applying sound 
field at the acoustic resonance frequency of the duct “first 
cross mode”, the broadness of the vortex-shedding peak 
was reduced as the amplitude of the sound wave was in-
creased. The broad vortex shedding peak was replaced by 
a sharp peak at the sound frequency when the sound pres-
sure amplitude was increased to 250 Pa. Blevins investi-
gated this entrainment process by placing the cylinder at

aecl Nuclear Review
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height. These dimensions were carefully selected to ensure 
coincidence between the first acoustic resonance frequen-
cy (fa = 688 Hz) and the frequency of vortex shedding from 
single, tandem, and side-by side cylinders.

Several cylinders with different diameters were used. The 
largest diameter produced a maximum wind tunnel block-
age ratio of about 10%. The cylinders were made of alumi-
num and were rigidly mounted on the test section sidewall 
to eliminate the effect of cylinder vibration on the flow-
sound interaction mechanism. Two windows attached to 
the sidewalls were used to provide flexibility in setting up 
different cylinder diameters, different arrangements and 
different spacing ratios.

The flow velocity inside the test section was calibrated by 
means of a pitot tube and a pressure transducer. The fluctu-
ating pressure on the top wall of the duct was measured by 
means of a 1/4” condenser microphone, which was flush-
mounted on the test section wall at the location of the maxi-
mum acoustic pressure. A Hewlett-Packard analyzer was 
used for spectral analysis. Each spectrum was obtained by 
averaging 100 samples. Data was collected at a sampling 
rate of 4100 Hz. More details about the experimental set-
up and instrumentation can be found in Mohany and Ziada 
[17].

3. Aeroacoustic Response of a Single Cylinder

Figure 2(a) shows a typical pressure spectrum for a 19 
mm single cylinder in cross-flow, and Figure 2(b) shows a 
waterfall plot of pressure spectra for the same cylinder. At 
off-resonance conditions, two frequency components can 
be observed in Figure 2(a), the lower component is the vor-
tex shedding frequency, while the higher component near 
688 Hz is the first acoustic mode of the duct housing the 
cylinder. As the flow velocity is increased, the frequency 
of the vortex shedding component and its amplitude are 
increased until the vortex shedding frequency becomes 
close to that of the acoustic mode, where the lock-in phe-
nomenon is initiated and an intense acoustic resonance 
is produced, as shown in Figure 2(b). The recorded maxi-
mum sound pressure level for this case is 155.6 dB. As 
can be seen in Figure 2(b), during the lock-in range, high 
frequency components are also generated. These compo-
nents are not the higher acoustic modes (f(2λ/2), f(3λ/2), 
f(4λ/2),…) but rather the higher harmonics of the first 
acoustic mode  (2f(λ/2), 3f(λ/2), 4f(λ/2),…). These higher 
harmonics are generated by nonlinear effects due to the 
very high acoustic pressure at resonance. Figure 3 is con-
structed from Figure 2(b), and depicts the frequency and 
the amplitude of the vortex shedding component in pres-
sure spectra as functions of the reduced velocity. Similar re-
sponse was obtained for a 25.4 mm single cylinder in cross-
flow as shown in Figure 4. The lock-in region for this case is 
wider and the maximum acoustic pressure at resonance is 

Bishop and Hassan [14] investigated the effect of forced os-
cillation on the hydrodynamic forces, including lift and drag 
forces, exerted on a single cylinder. Their experiments were 
performed in a water tunnel with a Reynolds number in 
the range of 5×103 to 10×103. The investigation focused on 
measurements of both the amplitude and the phase angle 
of the hydrodynamic forces with respect to the cylinder dis-
placement. The phase angle is important because it influ-
ences the mechanism of energy transfer between the flow 
field and the cylinder oscillation, which will be discussed in 
some details later on. Bishop and Hassan [14] found a re-
markable sudden change in both the phase and amplitude 
of the hydrodynamic forces at the frequency coincidence.

Many years later, Zdravkovich [15] examined the flow vi-
sualizations of previous studies and he noted that for a 
reduced velocity smaller than that at the frequency coinci-
dence, the vortex formed on one side of the cylinder is shed 
just before the cylinder reaches the position of the maxi-
mum amplitude on the opposite side. For a reduced veloc-
ity larger than that at the frequency coincidence, the vortex 
with the same circulation as before is shed when the cyl-
inder reaches the position of the maximum amplitude on 
the same side. Therefore, Zdravkovich [15] explained this 
phase jump as a lack in the synchronization between the 
cylinder oscillation and the “newly shed vortices”.

For the case of self-excited acoustic resonance, Blevins and 
Bressler [16] have performed experiments on the acoustic 
resonance in heat exchanger tube bundles. The first phase 
of their experiments focused on the aeroacoustic response 
of a single cylinder in cross-flow under resonance condi-
tions, and the second phase investigated the aeroacoustic 
response of different tube array configurations. The main 
objective of these experiments was to develop a model that 
can be used to predict the resonant sound pressure level for 
a single and multiple cylinders in cross flows.

From the previous investigations, it is clear that a crucial 
event in the mechanism of acoustic resonance is the ability 
of sound to modulate, and essentially “lock-in”, the process 
of vortex shedding. While this phenomenon is relatively 
well understood for the case of a single cylinder there are 
many unresolved issues for the more complex case of mul-
tiple cylinders in close proximity. In the present paper, a 
summary of a research program that was conducted on the 
flow-sound interaction mechanism of multiple bluff bodies 
in cross-flow is presented. Both experimental and numeri-
cal results are outlined in the paper.

2. Experimental Set-up

The experiments were performed in an open loop wind tun-
nel. The test section was made of 25.4 mm thick clear acryl-
ic walls, to facilitate a flow-visualization study in the future, 
and had a cross-section of 76.2 mm in width by 254 mm in

self-excited acoustic resonance of isolated cylinders in cross-flow
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much higher than those observed for all other tested cases 
of single cylinders. The reduced velocity Ur presented in all
figures is based on the frequency of the lowest cross-mode 
of the test section, fa, as illustrated in equation 1;

Ur =
U

fa ×D
It is clear from Figures 3 and 4 that within a certain range of 
Reynolds number, the Strouhal number for a single cylinder 
is about 0.2. If acoustic resonance is initiated at a constant 
Strouhal number, given by equation 2, increasing the diam-
eter will also increase the critical flow velocity U for the on-
set of resonance.

St = fa ×D
U

This feature is illustrated in Figure 5, which shows the vor-
tex shedding frequency and the lock-in range for four single 
cylinders with different diameters, D = 0.5”, 0.625”, 0.75”, 
and 1”. It is clear from this figure that increasing the cylin-
der diameter will result in higher critical flow velocity and 
dynamic head at the onset of resonance. The flow excitation 
energy at the resonance conditions will therefore be higher 
for larger diameter cylinders.

0

1

2

3

4

5

6

0 600 1200 1800 2400 3000
Frequency (Hz)

A
co

us
tic

 p
re

ss
ur

e 
(P

a)

1st acoustic mode

vortex shedding

Figure 2(a)
Pressure spectrum measured on the top wall of the test sec-
tion for a single cylinder with D = 19 mm at a flow velocity 
of 25 m/s [17].

A numerical simulation of the flow-excited acoustic reso-
nance is performed to reveal the details of flow-sound in-
teraction mechanisms, including the nature and the loca-
tions of the aeroacoustic sources in the flow field. A deep 
understanding of the flow-sound interaction mechanism 
and the resulting energy transfer between the flow and the 
resonant sound fields would improve our ability to alleviate 
and control the occurrence of acoustic resonance. This can 
be achieved by identifying the location of the aeroacoustic 
sources in the flow field and developing suitable means to 
mitigate the energy transfer mechanism [18]. In this sim-
ulation, the flow field and the sound field are simulated

Figure 2(B)
Pressure spectra measured on the top wall. Single cylinder 
tests; D = 19 mm [17].
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Figure 3
Frequency and amplitude of pressure fluctuation on the 
test section top wall at the frequency of vortex shedding. 
Single cylinder tests; D = 19 mm [17].
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the acoustically coupled unsteady flow field, which is mod-
eled using the Spalart-Allmaras (S-A) turbulent model in 
FLUENT to predict the vorticity distribution in the cylinder 
wake. Howe’s theory of aerodynamic sound [19, 20], equa-
tion 3, is then used to calculate the instantaneous acoustic 
power generated by the convection of the unsteady vortic-
ity field within the sound field. The net acoustic energy is 
the integration of the instantaneous acoustic power over a 
complete acoustic cycle. Therefore, the locations within the 
flow field where the acoustic energy is either absorbed or 
generated can be identified. Details of the numerical simu-
lation can be found in [21].
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Figure 4
Frequency and amplitude of pressure fluctuation on the 
test section top wall at the frequency of vortex shedding. 
Single cylinder tests; D = 25.4 mm.
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Figure 5
Aeroacoustic response of a single cylinder in cross-flow.

separately (i.e., uncoupled). In order to simulate the cou-
pling phenomenon, the simulation of the unsteady flow 
field was repeated with applying an oscillatory cross-flow 
velocity perturbation, which simulates the acoustic par-
ticle velocity of the resonant sound field. The acoustic 
sources (or sinks) in the flow field are then predicted by 
combining the solution of the acoustic field, which is mod-
eled by the finite-element method using ABAQUS, with

∀×⋅−=Π ∫ dvu )( ωρ
Where Π is the instantaneous acoustic power, is the 
vorticity,  is flow velocity, and  is acoustic particle ve-
locity. As mentioned earlier, to account for the effect of the 
resonant sound on modifying the flow around the cylinder, 
a cross-flow oscillation was applied at the top and the bot-
tom boundaries as well as at the inlet to mimic the acoustic 
resonance of the first cross mode. The amplitude and the 
frequency of the cross-flow perturbation were changed in-
dependently to examine the sensitivity of the flow to this 
perturbation and also to determine the minimum ampli-
tude at which the lock-in occurs. Figure 6 shows the de-
pendence of the lock-in on the amplitude and frequency of 
the cross-flow oscillation for the case of a single cylinder in 
cross-flow. It is found that the minimum perturbation am-
plitude at which the lock-in occurs was 2.5% of the main 
flow velocity. This minimum amplitude was obtained near 
the condition of frequency coincidence, i.e., when the exci-
tation frequency, fa, approximated the natural vortex shed-
ding frequency, fv, (0.975< fa/fv <1.025). As the excitation 
frequency deviated from the vortex shedding frequency, the 
minimum amplitude required to lock-in the shedding fre-
quency increased as shown in Figure 6. The lock-in region 
obtained from the simulation is indicated by the broken line 
in Figure 6.
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Figure 7 shows the total acoustic energy over one cycle. The 
red colour in these figures represents net positive energy 
and the blue colour represents net negative energy. The total 
energy transfer per cycle for different downstream locations 
is shown in Figure 8. For each streamwise location, the total 
energy represents the energy integrated over a rectangular 
area with a height extending along y = ± 10 D and a small 
width of  rx centered at the streamwise location x. As can 
be seen from this figure, the total energy transfer just down-
stream of the cylinder is positive and is larger than that oc-
curring in the downstream region, which means that there 
is a strong acoustic source located there, resulting in a net 
positive energy transfer from the flow field to the sound field.

Figure 7
Total acoustic energy over one cycle. fa/fv = 1. [21].

4. Aeroacoustic Response of Two Tandem Cylinders

The aeroacoustic response for the case of two tandem cyl-
inders in cross-flow with spacing ratios within the proxim-
ity interference region, L/D < 3.5, is considerably different

-2 0 2 4 6 8 10 12

X/D

Figure 8
Total energy transfer per cycle at different downstream lo-
cations. Mohany and Ziada [21].

from that of a single cylinder in cross-flow. Figure 9 repre-
sents the frequency and the amplitude of the vortex shed-
ding component in pressure spectra as functions of the re-
duced velocity for two tandem cylinders with spacing ratio, 
L/D = 2. It is clear from Figure 9 that the acoustic resonance 
of the first mode occurs over two different ranges of flow ve-
locity. The first resonance range occurs before the velocity 
of frequency coincidence and is called the pre-coincidence 
acoustic resonance, while the second resonance range oc-
curs at the velocity of frequency coincidence and is called 
the coincidence acoustic resonance. More details about 
these resonance ranges can be found in references [17, 22].
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Figure 9
Aeroacoustic response of two tandem cylinders with L/D = 
2; D = 25.4 mm.

It should be noted here that the acoustic pressure, Prms, in 
Figure 9 is normalized by the dynamic head, ½ ρU2, and the 
Mach number, M, as shown in equation 4;

This normalization procedure has been suggested by 
Blevins [23] and has been used by Mohany and Ziada [17] 
to properly account for the main parameters influencing 
the sound pressure level of acoustic resonances excited by 
vortex shedding from single cylinders. As the spacing ratio 
between the tandem cylinders is increased beyond 3.5, the 
flow pattern changes to that corresponding to the wake in-
terference regime. The aeroacoustic response at these large 
spacing ratios is found to be similar to that of a single cylin-
der. A typical example for L/D = 4.5 is shown in Figure 10. 
It is also observed that as the spacing ratio is increased, the 
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cylinder diameter, the first acoustic mode is excited over a 
single range of flow velocity, which is similar to the reso-
nance mechanism of a single cylinder in cross-flow. Figure 
12 shows a typical response of two tandem cylinders with 
a spacing ratio of L/D = 2.5, which is the same spacing ratio 
as that of Figure 11 but for smaller cylinder diameter, D = 
7.6 mm. Figure 13 summarizes the results of the aeroacous-
tic response for the case of two tandem cylinders in cross-
flow with different spacing ratios and cylinder diameters. 
The solid data points correspond to the cases when the pre-
coincidence resonance is excited. It is clear from Figure 13 
that as the spacing ratio increases, the flow energy required 
to excite the pre-coincidence acoustic resonance decreases, 
which means that the pre-coincidence resonance is easier 
to excite for large spacing ratios with smaller diameter cyl-
inders in comparison with that for small spacing ratios.  
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Figure 10
Aeroacoustic response of two tandem cylinders. L/D = 4.5; 
D = 12.7mm, Mohany and Ziada [17].

Strouhal number increases towards 0.2 and the amplitude 
of the maximum acoustic pressure decreases, which indi-
cates a transition to the single cylinder features. 

A comparison between the pre-coincidence acoustic reso-
nance and the acoustic resonance mechanism of in-line 
tube bundles shows interesting similarity. The acoustic res-
onance of in-line tube bundles normally starts and subsides 
before the flow velocity reaches that corresponding to the 
frequency coincidence conditions. This similarity is high-
lighted in Figure 11, which compares the acoustic response 
of tandem cylinders with that of in-line tube bundles with 
nearly equal streamwise tube spacing ratio. The Strouhal 
number of vortex shedding for the in-line tube bundles is 
seen to be similar to that for the case of two tandem cyl-
inders. Moreover, the acoustic resonance for in-line tube 
bundles and the pre-coincidence resonance of tandem cyl-
inders are seen to be initiated at the same reduced velocity. 
With respect to the resonance intensity, it is clearly stronger 
for tube bundles because they have lower radiation losses 
and larger number of acoustic sources than in the case of 
two tandem cylinders.

As discussed in Mohany and Ziada [22], the pre-coinci-
dence acoustic resonance of two tandem cylinders with 
spacing ratios within the proximity interference region is 
only observed when the cylinder diameter exceeds a cer-
tain value. However, for two tandem cylinders with small 

Figure 11
Comparison between the acoustic response of two tandem 
cylinders with that of in-line tube bundles. •, two tandem 
cylinders with L/D = 2.5; p, in-line tube bundles with XL = 
2.6 and XT = 3.0 [22].

Mohany and Ziada [21] conducted a numerical simulation 
of the flow-excited acoustic resonance for the case of two 
tandem cylinders in cross-flow. The wake structure behind 
the tandem cylinders before applying the cross-flow oscil-
lation is shown in Figure 14. The wake structure around 
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the tandem cylinders after applying the cross-flow oscilla-
tion at a frequency ratio of 1.2, which corresponds to the 
pre-coincidence acoustic resonance range, is shown in Fig-
ure 15. A comparison between Figures 15 and 14 shows 
that for the pre-coincidence acoustic resonance, the wave-
length of the wake structure is smaller than that before ap-
plying the cross-flow oscillation. This is because the wake 
for this case is locked into an oscillation frequency which is 
higher than the vortex shedding frequency, fa = 1.2 fv. 
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Figure 13
Dependence of the pre-coincidence acoustic resonance on 
the spacing ratio and the flow excitation energy.

Figure 16 represents the total acoustic energy over one cy-
cle during the pre-coincidence acoustic resonance for L/D 
= 2.5 and Figure 17 is the distribution of the total energy 
transfer at different downstream locations. It is clear from 
Figures 16 and 17 that during the pre-coincidence acoustic 
resonance a strong acoustic source in the flow field is locat-
ed in the gap between the cylinders. Moreover, the energy 
transfer from the flow field to the sound field associated 
with this acoustic source is dominant. Based on extensive 
measurements of the dynamic lift force acting on the tan-
dem cylinders and its phase with respect to the resonant 
sound field in combination with flow visualization, Mohany 
and Ziada [24] suggested that the pre-coincidence acous-
tic resonance is caused by the instability of the separated 
shear layers in the gap between the cylinders.

5. Aeroacoustic Response of Two Side-by-Side Cylinders

For two side-by-side cylinders with small and intermedi-
ate spacing ratios, T/D < 2.2, the wakes exhibit bi-stable 
flow features as those reported in the literature [25, 26, 
27]. Two Strouhal numbers of vortex shedding are ob-
served before the onset of acoustic resonance. However, 
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Figure 12
Aeroacoustic response of two tandem cylinders with L/D = 
2.5; D = 7.6 mm, Mohany and Ziada [22].

Figure 14
Vorticity contours behind two tandem cylinders, L/D = 2.5, 
at Re = 25000 before applying the cross-flow oscillation.

Figure 15
Vorticity contours behind two tandem cylinders, L/D = 2.5, 
at Re = 25000, pre-coincidence acoustic resonance, fa = 1.2 
fv.
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which has occurred in this situation. From the presented 
data, it appears that the resonant sound field synchronizes 
the vortex shedding process and thereby eliminates the bi-
stable flow phenomenon. Vortex shedding in this case must 
occur at an intermediate frequency between the two fre-
quency components associated with the bi-stable flow.

Figure 16
Total acoustic energy over one cycle for two tandem cylin-
ders at conditions simulating the pre-coincidence acoustic 
resonance.  L/D = 2.5; Re = 25000; fa/fv = 1.2 [21].
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Figure 17
Total energy transfer per cycle for different downstream lo-
cations. Two tandem cylinders at conditions simulating the 
pre-coincidence acoustic resonance.  L/D = 2.5; Re = 25000; 
fa/fv = 1.2 [21].

during the experiments, self-excited acoustic resonance oc-
curred at an intermediate Strouhal number which lies be-
tween those corresponding to the bi-stable flow regimes. 
Figure 18 represents the aeroacoustic response of two side-
by-side cylinders in cross-flow with spacing ratio of T/D = 
1.25. In this case, two vortex shedding frequencies are dis-
tinguished at the off resonance conditions, which are gener-
ated by the narrow and wide wakes behind the cylinders. 
The two Strouhal numbers observed in this case are 0.12 
and 0.36, as indicated by the straight lines in Figure 18. It 
is seen that the lock-in range does not correspond to either 
of these Strouhal numbers. Interestingly, after the lock-in 
resonance subsides near Ur = 5.6, the low frequency com-
ponent of vortex shedding is recovered and its frequency 
is still lower than the acoustic resonance frequency. Park-
er and Stoneman [28] describe this behaviour as “locking 
up” for resonance that occurs above a natural frequency,

Figure 18
Aeroacoustic response of two side-by-side cylinders with 
T/D = 1.25 and D = 21.8 mm. •, lower vortex shedding fre-
quency; p, higher vortex shedding frequency;   , first reso-
nance mode frequency, Hanson et al. (2009).

To confirm this supposition, a numerical simulation of the 
flow-sound interaction mechanism for this case was per-
formed. Figure 19 shows the wake structure behind the two 
cylinders with spacing ratio of T/D = 1.25 at the off reso-
nance condition, which shows clearly the bi-stable flow re-
gimes. The wake structure behind the cylinders after apply-
ing the cross-flow perturbation, which mimic the excitation 
of acoustic resonance, is shown in Figure 20. A comparison 
between Figures 19 and 20, shows that after applying the 
cross-flow perturbation, the flow in the wakes of the cylin-
ders is synchronized and thereby the bi-stable biased flow 
is eliminated. More details can be found in Mohany et al. 
[30].  

The aeroacoustic response of two side-by-side cylinders 
with large spacing ratios, T/D > 2.2, exhibits a single vor-
tex shedding frequency of about 0.22, which agrees well 
with the values reported in the literature. The acoustic 
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range, is excited by the natural vortex shedding process, as 
in the single cylinder case. The other range, the pre-coinci-
dence resonance range, is initiated at a much lower reduced 
velocity, and appears to be excited by the shear layers that

Figure 19
Vorticity contours behind two side-by-side cylinders, T/D = 
1.25, at Re = 25000, no acoustic excitation.

Figure 20
Vorticity contours behind two side-by-side cylinders, T/D = 
1.25, at Re = 25000, with acoustic excitation.

resonance is excited by the vortex shedding observed before
the onset of resonance. This behavior is clear in Figure 21, 
which represents the aeroacoustic response of two side-by-
side cylinders in cross-flow with spacing ratio of T/D = 2.5. 
A numerical simulation is performed for this case and the 
wake structure behind the cylinders at the off resonance 
conditions is shown in Figure 22. It is clear from this figure 
that a symmetric wake structure behind the cylinders with 
one vortex shedding frequency, which is similar to that of a 
single cylinder in cross-flow, is formed.

6. Conclusion

A summary of a research program on the acoustic resonance 
mechanism of single, two tandem, and two side-by-side 
cylinders is presented in this paper. The aeroacoustic re-
sponse of a single cylinder is similar to that reported in the 
literature. Acoustic resonance is excited by the natural vor-
tex shedding observed before the onset of resonance. The 
Strouhal number of vortex shedding is 0.2 ± 0.005. As the 
diameter for the single cylinder is increased, the required 
flow velocity to excite the acoustic resonance increases, 
which results in a stronger acoustic resonance and a wider 
lock-in range of flow velocity. The acoustic resonance of the 
tandem cylinders within the proximity interference region
occurs over two different velocity ranges. The one occur-
ring at higher reduced velocities, the coincidence resonance

Figure 21
The aeroacoustic response of the two side-by-side cylinders 
with T/D = 2.5 and D = 21.8 mm.  •, vortex shedding fre-
quency;    , first resonance mode frequency [29].

Figure 22
Vorticity contours behind two side-by-side cylinders, T/D = 
2.5, at Re = 25000, no acoustic excitation.
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form in the gap between the two cylinders. Moreover, a com-
parison between the pre-coincidence acoustic resonance 
and the acoustic resonance mechanism of in-line tube bun-
dles shows interesting similarity. For two side-by-side cyl-
inders with small and intermediate spacing ratios, i.e., T/D 
< 2.2, the flow is shown to exhibit a bi-stable behaviour at 
the off resonance conditions. Acoustic resonance for this

case is excited at an intermediate Strouhal number, which lies 
between those corresponding to the bi-stable flow regimes. 
However, for two side-by-side cylinders with large spacing 
ratios, T/D > 2.2, the flow at the off resonance conditions is 
symmetric and exhibit a single vortex shedding frequency. 
The acoustic resonance for this case is excited by the vortex 
shedding observed before the onset of resonance.

self-excited acoustic resonance of isolated cylinders in cross-flow
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violet; IR - Infrared 

1. Introduction

Helium-3 filled ionization chamber tubes have been extensively used in neutron 
detection because of their good neutron-to-gamma discrimination capability. How-
ever, there is currently a global shortage of 3He. As a result, it is necessary to design 
new neutron detectors relying on other mechanisms that are as effective as the 3He 
detectors. Thermal neutron capture by boron-10 (10B) has a cross section of 3838 
barns, which leads to an average deposit of 2.34 MeV in the surrounding medium 
[1]. In a scintillator, part of this energy transforms to optical photons that can be 
detected easily using a photomultiplier tube (PMT) [1, 2]. Neutron detectors using 
solid, liquid or gas scintillators have been studied for replacing 3He detectors.
Several 10B-loaded liquid scintillator compositions are commercially available. 
However, they have several drawbacks. For instance, they typically contain a high 
content of Trimethyl Borate, which is unstable and decomposes in contact with 
moisture. These liquid scintillators are also flammable and yield lower light output. 
Therefore, new and improved liquid scintillators are needed for effective detection 
of neutrons.

2. Method

A general-purpose liquid scintillator based on the solvent linear alkyl benzene (LAB) is 
proposed herein. It has the general formula C6H5CnH2n+1, where n is an integer between 
10 and 16. LAB is produced easily and has a high flash point (130 °C) [3]. Consequently 
a low-cost, high efficient and safe neutron detector can be prepared. In general, scin-
tillator light output is enhanced by adding fluor PPO and wavelength-shifter bis-MSB.

Due to the nature of charge transfer between the solvent (LAB) and solutes (PPO 
and bis-MSB) and the light scintillation process, the optimization of the solutes’ 
concentrations is of great importance. For this, we initially varied the PPO concen-
tration from 0 to 30 g/l. When optimal concentration of PPO was established, the 
concentration of bis-MSB was varied from 0 to 1g/l. Solutions were produced by 
combining in different proportion pure LAB and highly concentrated LAB solution 
with 30 g/L PPO and 0.2 g/L bis-MSB. For light yield quantification, the samples 
were transferred to a 10 mm cylindrical quartz cell and a UV light source was used 
for excitation. Emitted blue light, primarily around 425 nm, was collected by an 
optical fibre for analysis with an Ocean Optics HR4000 UV-NIR spectrometer. Fig-
ure 1 shows an example of the emission spectrum for the scintillator LAB with the 
solutes PPO and bisMSB. A suitable integration time was chosen to allow accurate 
readouts. The area underneath the emission peak was determined. Firstly, each 
sample’s yield curve was divided by its respective integration time to normalize

A boron-loaded liquid scintillator (LS) 

has been optimized for neutron detection 

application in a high gamma field 

environment. It is composed of the solvent 

linear alkylbenzene (LAB), a boron-

containing material, o-carborane (C2B10H12); 

a fluor, 2,5-diphenyloxazole (PPO); and a 

wavelength shifter, 1,4-bis[2-methylstyryl]

benzene (bis-MSB). Preparation of the liquid 

scintillator and optimization of its chemical 

composition are described. The boron-

loaded LS has been tested with a neutron 

beam at the National Research Universal 

(NRU) reactor. A peak at an equivalent 

energy of 60 keV is observed in the energy 

spectrum and is attributed to neutrons. The 

results confirm the possibility of using B-10 

loaded scintillator as a sensitive medium 

for neutron detection in a relatively large 

background of gamma rays.
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Figure 1
Emission spectra of scintillator including solvent LAB and 
solutes PPO and bisMSB.

is somewhat similar by increasing the bis-MSB concentra-
tion. Thus, the optimal concentration for maximum light 
yield is 5 g/L of PPO and nearly 500 mg/L of bis-MSB.

In order to test performance of this optimized liquid
scintillator, 5% of O-carborane (C2H12B10) containing natu-
ral boron was loaded in the LS. As stated in the equation:

a novel boron-loaded liquid scintillator for neutron detection
g. bentoumi, x. dai, e. pruszkowski, l. li and b. sur
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Figure 2
Light yield variation versus 2,5-diphenyloxazole (PPO) con-
centration in LAB.

the results. Then, the background light corresponding to 
range 600 - 650 nm was subtracted from the curve. Lastly, 
the area under each peak was determined using a Riemann 
sum.

3. Results and Conclusion

The results, as shown on Figures 2 and 3, show that scintil-
lator light yield depends strongly on the concentrations of 
the fluors. For low PPO concentration (< 5g/l), light yield 
increases rapidly before saturation. For PPO concentra-
tion more than 5g/l, light yield is constant. The situation 

80

75

70

65

To
ta

l l
ig

ht
 y

ie
ld

 (A
rb

. U
ni

t)

10008006004002000

Concentration of bis-MSB (mg/L)

Figure 3
Light yield variation versus 1,4-bis[2-methylstyryl]benzene 
(bis-MSB) concentration in LAB.

10B neutron capture leads to creation of an alpha particle 
with an average energy of 1.48 MeV. It was demonstrated 
early [4,5] that in liquid scintillator, the quenching factor for 
1 to 2 MeV alpha particles is in the range 20-25. Hence 10B 
neutron capture is expected to generate a peak in the range 
60-75 keV. 

As shown on Figure 4, tests with a neutron beam were done 
at the National Research Universal (NRU) reactor. Due to 
the presence of gamma radiation and in order to extract 
the neutron contribution in the detected signal, four types 
of measurements were performed using combinations of 
cadmium sheet (to block neutron beam) and lead bricks (to 
stop gamma rays). The energy spectrum was acquired in 
four different conditions and calibrated using a Cobalt-60 
source. Figure 5 shows the four energy spectra recorded for 
about 5 minutes. The presence of a peak around 60 keV is 
directly correlated to neutrons. Based on that correlation 
and the excepted equivalent energy for such capture inter-
action [2, 4, 5], the peak was definitely attributed to neutron 
capture by 10B. To our knowledge, this is the first time such a 
measurement has been made with a LAB-based scintillator. 

aecl Nuclear Review
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Figure 4
Experimental setup for scintillator characterization.
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Figure 5
Energy spectra recorded in four conditions by the boron 
loaded LAB based scintillator.  (r) Neutron OFF, gamma 
OFF, (•) Neutron ON, Gamma ON, (p) Neutron OFF, Gamma 
ON, (◊) Neutron ON, Gamma OFF. 

These measurements were possible despite the presence of 
gamma rays and are very encouraging for the use of boron-
loaded LAB based scintillator in neutrons detection.

In conclusion, a boron-loaded liquid scintillator based on 
LAB solvent was prepared and its chemical composition has 
been optimized for high light output. Neutron beam mea-
surements have shown a new peak around 60 keV. With a 
systematic study, this peak is confirmed to be due to neu-
tron capture by boron-10. This confirmed the feasibility of 
using boron-loaded LAB as a safe, effective liquid scintilla-
tor for neutron detection.
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1. Introduction

Imaging and visual representation of radiation sources and radiological contami-
nation have applications in several fields: radiation protection, decommissioning 
and cleanup, waste management, to name a few. Improvements in techniques for 
imaging high radiation fields are making such imaging systems smaller, faster and 
more cost effective.

Development of a radiation source imaging system at Chalk River Laboratories 
(CRL) was motivated in part by a need to image the sources of radiation inside 
a radioactive isotope processing hot-cell. Manual access inside the hot-cell is re-
stricted for radiological safety reasons and equipment entering the cell has size 
and weight restrictions. In imaging of radiation sources using non-directional sen-
sors, directionality is achieved through use of heavy shielding collimators. The use 
of collimators, including variations such as pinhole and parallel hole collimators, 
is a common technique in many prior applications [1, 2, 3, 4] for imaging radia-
tion sources. However, the bulk and weight of this general collimator design often 
requires a robust assembly and relatively powerful actuators to manoeuvre the col-
limated detector, which is expensive in terms of the material and actuators. There 
exists a need in many applications for an inexpensive light-weight radiation imag-
ing system. This paper describes a novel approach to the collimator design for a 
lighter and economical radiation detector system, developed at CRL.

2. Materials and Methods

The sensor of choice for this application is a silicon PIN photodiode. Si diodes are 
simple, robust, low-cost, and have been widely used for measuring gamma dose 
rates. The total charge generated in a Si diode is well known to be proportional to 
the ionization energy deposited in the diode depletion region, and thus the radia-
tion dose [5]. Consequently, the current in an unbiased Si diode is a measure of the 
radiation field or dose rate. In current generation mode, p-n junction diodes as well 
as PIN photodiodes have been successfully used as high radiation field detectors 
in many facilities at CRL [6, 7, 8]. The photodiode sensor used in this application is 
sensitive to gamma dose rates in the range of 10-3 Gy.h-1 to 103 Gy.h-1. 

A collimator enables a non-directional sensor to be used in a directional detec-
tor system, usually by surrounding the sensor with dense shielding material with 
a small aperture, such that radiation from all directions except the aperture is 
blocked. In a typical collimator, the detector response is high when the aperture 
faces the direction of a source and low elsewhere. An inverse collimator instead 
comprises a shielding ‘pencil’ – a thin rod or cone, of dense material that blocks ra-
diation from a narrow solid angle. The detector response is relatively low when the 
shielding pencil is pointed towards a strong radiation source, and high otherwise. 
This concept is illustrated in Figure 1 for the case of a single point source. The con-
cept of inverse collimation exists in literature [9], albeit purely for planar imaging 
of relatively low radiation sources as applicable to nuclear medicine imaging.

A radiation imaging system has been 

developed using the concept of inverse 

collimation, where a narrow shielding pencil 

is used instead of a classical collimator. 

This imaging detector is smaller, lighter 

and less expensive than a traditionally 

collimated detector, and can produce a 

spherical raster image of radiation sources 

in its surroundings. A prototype was 

developed at Atomic Energy of Canada 

Limited – Chalk River Laboratories, and 

the concept has been successfully proven in 

experiments using a point source as well as 

real sources in a high ambient field area. 

Such a radiation imaging system is effective 

in locating radiation sources in areas where 

accessibility is low and risk of radiological 

contamination is high, with applications 

in decontamination and decommissioning 

activities, nuclear material processing labs, 

etc.
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Figure 1
Collimator vs. inverse collimator, and their ideal response 
functions

inversed collimator based radiation imaging detector system
a. das, b. sur, s. yue and g. jonkmans

Figure 2
Light yield variation versus 2,5-diphenyloxazole (PPO) con-
centration in LAB.

To realize the inverse collimator concept in an imaging sys-
tem, a thin rod of gamma blocking material needs to be as-
sembled with the sensor and integrated with a mechanism 
that allows the detector and inverse collimator assembly to 
be pointed in all directions. A suitable pan-tilt solution was 
not found commercially; therefore, an inexpensive module 
to pan and tilt the detector and inverse collimator assembly 
was designed and built at CRL.

The pan-tilt module employs two stepper motors; one at 
the base for rotation in the horizontal plane (pan func-
tionality) and one higher up on the body for rotation in 
the vertical plane (tilt function). A thin lead (Pb) pencil 
serves as the inverse collimator material in this design; 
see Figure 2. The sensor and the inverse collimator pen-
cil are mounted in a diametric spoke of the vertical gear 
wheel (175 mm in diameter), which is driven by the tilt 
motor through a driver gear. The gear wheel, driver gear 
and tilt motor are mounted on a wheel base, which is ro-
tated on the horizontal plane by the pan motor [10]. A 
low-noise signal cable attaches to the sensor at its mount-
ing location, with sufficient slack-length to prevent cable 
wind-up; a separate power connection is not required.

The entire body of the pan-tilt device is constructed out of 
high-performance composite material using a 3D printer. 
This provided an inexpensive and radiologically unobtrusive 
body, especially for the tilt mechanism that houses the sensor. 
This complete imaging system has been patented by AECL.

3. Results and Discussion

The imaging detector system was tested using a 37 GBq 
(10 Ci) 60Co providing a conical gamma beam. The source 
was placed roughly 380 mm from the center of the imaging

system. This test served as a proof-of-concept, and al-
lowed measurement of the detector’s response to a simple 
source configuration to analyse the accuracy and limita-
tions of the system. The image generated from this test is 
presented in Figure 3, as a plot of the gamma field intensi-
ties versus directions, represented on a unit sphere. Note 
that the numbers on the scale bar are only to be used as 
a relative measure. The utility of such an image is to visu-
ally present the directions of all sources that contribute to 
the radiation field at the detector location, and to identify 
the source with the highest contribution. It must be noted 
that the raw data collected by the system represents the in-
verse (or photo-negative) of the desired image; thus a pho-
to-negation algorithm is applied to obtain the image [10].

Figure 3 (a) shows the location of the source as represented 
on the sphere. The high signal area on the side away from 
the source [Figure 3 (b)], is a result of the sensor’s direction-
ality. The photodiode sensor is rectangular prism shaped; 
its sensitivity to gamma rays incident on the tips is roughly 
60% that of the sensitivity along the sides of the sensor. The 
detector system is configured such that the sensor is lon-
gitudinally in line with the inverse collimator, with the tips 
facing towards and directly away from the inverse collima-
tor. As a result, a false low measurement occurs when the

aecl Nuclear Review
vol 1, Number 1, june 2012
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Figure 3
Gamma radiation source distribution image of a point source (a) side facing source (b) side away from source.

tip of the sensor is facing the source, which translates to a 
peak upon image inversion. Thus, for each strong source, 
there will be a secondary area of high signal directly op-
posite to the direction of the source. This effect proves to 
be useful in distinguishing erroneous signals and verifying 
true source locations.

A practical and more realistic test was performed in order 
to test the ability of the system to image two highly radioac-
tive items in the presence of a high background field. A sec-
tion of pressure tube removed from a CANDU® reactor, and 
an irradiated CANDU® fuel pin were placed in a radioactive 
materials handling hot-cell, operated by the Materials and 
Mechanics branch at CRL. A Si diode gamma detector cali-
brated in a Co-60 gamma cell [7] was used to measure the 
near contact gamma radiation fields for these objects; they 
were found to be roughly 1.3 Gy.h-1 for the pressure tube 
section and 33 Gy.h-1 for the fuel pin. 

The roughly 5 m wide by 3 m deep hot-cell also contained 
miscellaneous pieces of equipment and tools that contrib-
uted to the ambient gamma field. The detector system was 
placed to one side of the cell and the two items used for 
this study were placed around it, as depicted in Figure 4. 
The fuel pin was laid flat on the floor, roughly 0.3 m from 
the base of the detector, and the pressure tube section was 
placed vertically around 1 m from the detector.

The image obtained of this setup is shown in Figure 5, with 
the outlines of the sources projected onto the surface of the 
sphere. The high signal area observed in Figure 5 (a) is in 

the direction expected for the fuel pin. The secondary high 
signal area due to the fuel pin can be observed in Figure 5 
(b), directly opposite to the fuel pin location. As expected, 
the radiation fields observed from the fuel pin were much 
higher than the fields from the piece of pressure tube. The 
radiation exposure at the detector due to the pressure tube 
piece was too small to be resolved in the presence of the 
much higher radiation field of the fuel pin.

4. Conclusion

Imaging of radiological environments can be performed 
using a directional sensor, where directionality is usually 
achieved through heavy collimation. The concept of using 

Figure 4
Multi-source image generation study setup inside hot-cell 
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an inverse collimator, consisting of shielding material in a 
narrow solid angle where a typical collimator would have 
an aperture, has been proven at CRL. An inverse collimator 
is lighter and less expensive, both in terms of material cost 
and cost of actuators.

A radiation imaging detector system was designed and built 
in-house at CRL, using a silicon photodiode as the gamma 
sensor and a lead (Pb) pencil as the shielding material, as-
sembled in a 3D printed composite body. The image is gen-
erated by rotating the sensor assembly, performing expo-
sure rate measurements across the 4π solid angle around 
the sensor, and assembling the data as a spherical raster 
image. The raw image is then inverted to correct the photo-
negative effect due to the inverse collimator. This system 
was demonstrated successfully in a controlled environment 
using a 60Co point source.

A test was conducted to determine the ability of the detec-
tor system to image two highly radioactive materials in the 
presence of high radiation background. The near contact 
gamma fields for the two items differed by a factor of 25, 
and the less radioactive item was placed farther from the

Figure 5
Radiation image generated in the hot-cell with the outline of the two sources overlaid as projections onto the sphere. (a) Bright 
spot corresponding to the fuel pin, along with superimposed outlines of pressure tube and fuel pin (b) Secondary bright spot 
associated with fuel pin, along with pressure tube outline

detector. The system was able to detect and image the more 
radioactive item, but not the less radioactive item. It is con-
cluded that changes in radiation exposure at the detector as 
the inverse collimator was swept through the direction of 
the weaker source were too small to be resolved in the pres-
ence of the much higher radiation field due to the stronger 
source. The test showed a limitation of inverse collimator 
systems in detecting radiation sources in the presence of 
much stronger sources. Further work is required to better 
define and improve the detection thresholds of the system 
so that weaker sources may be successfully imaged.
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1. Introduction

The Ottawa River has received nuclear reactor effluent from Chalk River Laborato-
ries (CRL) for more than 60 years, including releases from a NRX accident in 1952.  
The process outfall releases liquid effluent through a vertical diffuser located at a 
depth of approximately 22 m.  In 1992, a “once through” research reactor was per-
manently shut down, significantly reducing the quantity of fission and activation 
products released to the river.  Continuing releases are extremely low, approach-
ing or exceeding analytical capabilities.  Recent interest in the potential impact of 
these historical releases and the possible need for remediation of a small region 
immediately downstream from the release point has led to comprehensive studies 
to assess risk to people and wildlife.  The river at the outfall is public and boaters, 
fishermen and campers regularly use this reach of the river.

The aquatic ecosystem at the site has been studied previously, including 137Cs bioac-
cumulation and biokinetics of invertebrates and fish [1-4] and bioavailability of ra-
dionuclides to aquatic macrophytes and associated epiphytes [5].  However, there 
has not been a comprehensive study of the benthic community and sediment since 
the early 1950’s [6].

In this study, I compare concentrations of anthropogenic radionuclides upstream of 
the process outfall are compared, on a transect containing the process outfall, sites 
within 2 km downstream of the process outfall referred to as the footprint, and 
sites further downstream.  Anthropogenic radionuclide concentrations with those 
of several primordial radionuclides are also compared.

2. Methods

Ottawa River sediment was sampled on transects spaced at 1 km intervals, for dis-
tances of about 8 km upstream and downstream of the Chalk River Laboratories 
process outfall.  Sample sites were chosen at depth internals of 0-5, 5-10, 10-15, 15-
20, 25-30 and 30-50 m from both shorelines.  A total of 214 sites were sampled us-
ing a 9” x 9” Ekman dredge.  A core sample of the upper 5 cm of sediment was taken 
from each Ekman dredge and retained and dried at 0°C.  The sediment was ground 
and packed in 50 ml vials for radionuclide determination by gamma spectroscopy 
using a low-background high purity germanium gamma spectrometer.

3. Results

3.1 Anthropogenic Radionuclides

137Cs was detected in all sediment samples (see Table 1).  137Cs in sediments up-
stream of CRL is due to atmospheric nuclear weapon tests during the early 1960’s, 
although the higher concentrations within 2 km upstream of CRL suggests some 
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Radionuclide 
Upstream 

(n=83) 

Process  Outfall

(n=5) 

Footprint 

(n=35) 

Downstream 
(n=91) 

60Co  (Bq kg-1)

n

5.3±1.0 

21 

2944±2364 

5

296±216 

35 

19±1.6 

91 

94Nb  (Bq kg-1)

n

6.5±4.9 

2

18±9.0 

5

12±7.0 

26 

1.6±0.5 

38 

137Cs  (Bq kg-1)

n

85±5.3 

83 

3411±1750 

5

585±145 

35 

198±12 

91 

152Eu (Bq kg-1)

n

1.1±0.1 

2

240±171 

5

46±22 

22 

3.0±0.2 

59 

154Eu  (Bq kg-1)

n
nd 

179±134 

5

24±13 

18 

1.2±0.1 

9

155Eu  (Bq kg-1)

n
nd 

40±24 

3

46 

1
nd 

241Am  (Bq kg-1)

n

2.4±0.3 

27 

84±57 

5

16±4.4 

24 

3.2±0.3 

56 

 

Table 1
Concentrations of anthropogenic radionuclides in sediment 
up to  8 km upstream from the process outfall, at the pro-
cess outfall, up to 2 km downstream of the process outfall, 
in the footprint and 2 to 8 km downstream of the process 
outfall.

anthropogenic radionuclides in ottawa river sediment near 
chalk river laboratories - d.j. rowan

Figure 1
137Cs in Ottawa River sediment.

upstream transport of reactor derived 137Cs (see Figure 1).  
Concentrations are greatest at the process outfall, rapidly 
dropping off within 2 km downstream, to rather stable con-
centrations from 2-9 km downstream (see Figure 1).  Down-
stream concentrations are about two-fold greater than up-
stream concentrations (see Table 1), suggesting that CRL 
releases have been equivalent to weapon test fallout. 

Am-241 is another anthropogenic radionuclide that was 
globally distributed by atmospheric testing and was detect-
ed at most of the deeper sites.  Upstream concentrations are 
not significantly different than downstream concentrations 
(see Table 1), with highest concentrations at the process 
outfall, and rapidly decreasing in the footprint (see Figure 
2).  Concentrations of 241Am are about 40-fold lower than 
those of 137Cs (see Table 1).

Co-60 is an activation product and present in Ottawa River 
sediments due to operations at CRL. 60Co is only found at 
upstream sites within 2 km of the process outfall, again sug-
gesting limited upstream transport of CRL radionuclides 
(see Table 1 and Figure 3).  At the process outfall, concen-
trations of 60Co are similar to those of 137Cs, but 60Co concen-
trations decline much more rapidly through the footprint 
(see Figure 3).  Downstream concentrations of 60Co are 
about 10-fold lower than 137Cs (see Table 1).

Figure 2
241Am in Ottawa River sediment.

Figure 3
60Co in Ottawa River sediment.
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152Eu, 154Eu and 155Eu were detected at some sites near the 
process outfall, within the footprint and downstream.   152Eu 
was the most widely detected of the three Eu radioisotopes, 
with much fewer detections for 154Eu and 155Eu, which was 
detected only in the immediate vicinity of the process out-
fall (see Table 1).  Concentrations of Eu radioisotopes drop 
off very rapidly from the process outfall through the foot-
print, and are present at very low concentrations at down-
stream sites (see Figure 4).

94Nb was detected at low concentrations in the vicinity of 
the process outfall, dropping off to very low downstream 
concentrations of a few Bq kg-1 (see Table 1 and Figure 5).  
As with other CRL derived radionuclides, there is evidence 
of limited upstream transport (see Figure 5).  The distribu-
tion of 94Nb is similar to 241Am and 152Eu, and 94Nb was de-
tected primarily in depositional sediments at deeper sites.

Figure 4
152,154,155Eu in Ottawa River sediment.

Figure 5
94Nb in Ottawa River sediment.

3.2 Primordial Radionuclides

A number of primordial radionuclides were detected 
in Ottawa River sediment, including K-40 and radio-
nuclides from the 238U and Th decay series.  K-40 is the 
most abundant of the primordial radionuclides, averag-
ing 537±5 Bq kg-1.  K-40 concentrations in Ottawa River 
sediment are not affected by CRL effluent, with very simi-
lar concentrations at all sites (see Figure 6). K-40 con-
centrations exceed those of all anthropogenic radionu-
clides except at some process outfall and footprint sites.

Bi-214 (238U decay series) and 228Ac (232Th decay series) also 
show no impact of CRL operations, with uniform concentra-
tions at all sites (see Figure 7).  These radionuclides occur 
at much lower concentrations in Ottawa River sediment 
than 40K, with 214Bi averaging 16.1±0.3 Bq kg-1 and 228Ac av-
eraging 33.3±0.9 Bq kg-1.  These primordial radionuclides

Figure 6
40K in Ottawa River sediment.

Figure 7
214Bi and 228Ac in Ottawa River sediment.
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are present in concentrations similar to 60Co at down-
stream sites and are about 10-fold higher than the oth-
er anthropogenic radionuclides at downstream sites.

Conclusions

Cs-137 and 241Am in Ottawa River sediment are due to 
weapon-test fallout and CRL releases.  CRL operations have 
about doubled weapon test fallout 137Cs at downstream 
sites.  Am-241 occurs at much lower concentrations and 
appears to be retained near the process outfall, with no 
significant difference between upstream and downstream 
(>2 km from the process outfall) sites.  Other anthropo-
genic radionuclides detected in Ottawa River sediment 
include 60Co, 94Nb, 152Eu, 154Eu and 155Eu.  These radionu-
clides are also found at some sites within 2 km upstream 
of the process outfall, suggesting upstream transport of 
small amounts of CRL releases.  Upstream movement of 
surface water during periods of strong upstream wind has 
been previously observed [7].  These radionuclides de-
cline rapidly with distance from the process outfall, and as 
with 137Cs and 241Am, reach stable levels after about 2 km

downstream of the process outfall.  137Cs and 94Nb decline 
to a lesser degree from process outfall to downstream sites, 
suggesting that these radionuclides are more mobile that 
the other anthropogenic radionuclides.

Comparison of anthropogenic radionuclides with several 
representative primordial radionuclides shows that with 
the exception of sites at the process outfall and within 2 km 
downstream of the process outfall, primordial radionuclide 
concentrations greatly exceed CRL derived anthropogenic 
radionuclide concentrations.  In fact, CRL derived 137Cs in 
sediment at downstream sites is only about 20% of natu-
rally occurring 40K.  Co-60 concentrations in sediment at 
downstream sites are only about 3.5% of 40K and are similar 
to representative 238U and 232Th decay series radionuclides.  
Other anthropogenic radionuclides occur in much lower 
concentrations (<1% of 40K) and are about an order of mag-
nitude lower than representative 238U and 232Th decay series 
radionuclides. Thus, over 60 years of radionuclide releases 
from operations at CRL have had little impact on radio-
nuclide concentrations in Ottawa River sediment, except 
at a few sites immediately adjacent to the process outfall.
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