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ABSTRACT

Session - The International CANDU

KOREA'S TEAM CANDU

by

Chung Bo Hun and K.J. Petrunik
KEPCO AECL CANDU

KEPCO with the support of AECL and other Korean and Canadian
subcontractors has created a strong multi-company team to execute
design and construction of the Wolsong 2 CANDU 6 power plant.

Key concepts of the project team are:

1. KEPCO is the project manager and AECL is the Engineering
Contractor.

2. Significant participation by Korean companies in design work
in Canada and Korea.

3. Significant manufacturing in both Canada and Korea.

4. Construction by Korean contractors.

Key concepts of the Wolsong 2 design are:

1. Evolutionary improvement of the Wolsong 1 plant which
balances proven technology and necessary design improvements
including current codes and standards.

2. Sharing of some structures with the Wolsong 1 plant.

This paper describes the successful establishment and operation
of the complex project interfaces along with the current project
status and plans.

920068/dp/transfer/cna/wp51
1992/05/11



UPDATE ON CANADA'S WASTE MANAGEMENT PROGRAM

C.J. Allan
Vice-President, Environmental Sciences and Waste Management

AECL Research
Pinawa, Manitoba ROE 1L0

204-753-2311

The Canadian Nuclear Fuel Waste Management Program (CNFWMP) was launched in
1978 as a joint initiative by the Governments of Canada and Ontario. Under the
program AECL has been developing and assessing a concept to dispose of nuclear
fuel wastes in plutonic rock, of the Canadian Shield. Ontario Hydro has
advanced the technologies for interim storage and transportation of used fuel-
In 1981 the two Governments stated that selection of a nuclear fuel waste
disposal site would not proceed until the concept had been reviewed and
assessed. Thus the concept that has been developed is generic rather than
site-specific.

In common with programs in other countries the Canadian concept is to isolate
the fuel waste from the biosphere by a series of engineered and natural
barriers. These include the waste form, container, buffer and backfill
materials, and the host rock. During the past fourteen years AECL has carried
out detailed studies on each component of this barrier system. A concept has
been developed with options for the choice of materials and designs for the
different components.

The Underground Research Laboratory (URL) is playing an important role in our
program. Construction of this facility was completed early in 1990. The shaft
extends to 443 metres below the surface, and experimental rooms have been built
at the 240 and 420 metre levels. The URL has now entered the operating phase.
The planned program of experiments include:
1) Investigations of solute transport in highly and moderately fractured rock,
2) The Buffer-Container Experiment, a demonstration of the engineering aspects

of borehole emplacement,
3) The Mine-by Experiment, a study of the mechanical properties and response of

an intact volume of highly stressed rock to excavation,
4) An engineering demonstration of the grouting of a fracture zone,
5) A study of materials and emplacement methods for shaft sealing, and
6) A large-scale integrated multicomponent experiment to study buffer

emplacement and room backfilling and sealing, and to provide a database on
the performance of a fully backfilled room.

The first phase of the full-scale Buffer-Container Experiment has been started.
An electrically-heated simulated used fuel container has been emplaced in an
in-floor borehole excavated in intact granite. In a first experiment, expected
to last about one year, water uptake by the buffer material will be controlled
by the permeability of the rock. In a second experiment, which will last about
two years, a constant supply of groundwater from the URL will L fed to the
buffer-rock interface.

In the Mine-by Experiment we are monitoring the response of a highly-stressed
rock mass to excavation using a variety of techniques, e.g., micro-seismic
detectors and ultrasonic tomography. The response will be compared to
predictions obtained with our rock mechanics codes.



The disposal concept has been referred for review under the Canadian
Environmental Assessment and Review Process (EARP). AECL is the "Proponent"
for this review, and will submit an Environmental Impact Statement (EIS)
describing the concept. The EIS will be written to conform with guidelines
issued by the Environmental Assessment Panel responsible for carrying out the
review. Once the EIS has been submitted public hearings will be held at which
members of the public will have an opportunity to make presentations to the
Panel and to question AECL. The hearings will take place in those provinces
with a particular interest in the concept and its application, including
Ontario, Quebec, New Brunswick, Manitoba and Saskatchewan. At the end of the
review the Panel will make recommendations on the acceptability of the concept
and for future action on nuclear fuel waste disposal. Government decisions are
then anticipated on the next steps to be taken.

The Panel conducting this review was appointed in late 1989. Public Houses
were held in the spring of 1990 to acquaint prospective participants with the
process. Scoping Sessions to assist the Panel in determining the scope of the
EIS took place in the autumn of 1990.

In 1991 June the Panel issued, for comment, draft guidelines for the EIS.
Comments were received from over 30 different groups and individuals. The
final guidelines were issued in 1992 March. It is anticipated that AECL will
submit its EIS to the Panel in 1993.

Social and ethical issues associated with the management of nuclear fuel wastes
were of considerable concern to participants in the Scoping Sessions. In March
1991 AECL conducted a workshop to provide perspectives on the key ethical
issues related to the concept, and to obtain advice on approaches to addressing
the issues identified. A report summarizing the proceedings of the workshop
has been produced.

The future direction of the CNFWM program will depend on the recommendations of
the Panel and the subsequent governmental decisions on the appropriate next
steps. AECL and Ontario Hydro have, however, initiated planning to be in a
position to proceed with implementation if the disposal concept is approved.
If the concept review is completed by 1995, as currently scheduled, and if the
concept is approved, disposal could not begin before about 2025.



NEW BRUNSWICK'S EXPERIENCE WITH CITIZENS GROUPS

R. E. Tweeddale
Prince William, NB, EOH ISO

506-363-2494

In response to the Brundtland Report, a "Premier's Round Table on Environ-
ment and Economy" was established in New Brunswick in 1988 to conduct
public hearings. Its mandate was to examine the environmental and economic
problems within distinct segments of the provincial economy (e.g., agriculture,
energy, education, etc.) and to suggest appropriate strategies to reduce conflicts
between economic growth and the welfare of the environment.

A broadly based but very informal group of citizens in Fredericton came into
being to study and critique the work of the Premier's Round Table. Its mem-
bers felt that "loud and emotional voices" were tending to warp the Round
Table's agenda.

Insofar as the production of electrical energy is concerned, the group felt that
the preferred direction for future development in New Brunswick was nuclear.
Their dominant reason for this choice was that it believed that it was environ-
mentally the least risky. A secondary reason was that this choice would be
highly beneficial to the provincial economy.



T U E S D A Y , J U N E

CNA Session 5 - Fuel and Electricity Supply
0830-1000 Chair: TBA, Federal Government

The Ontario Demand-Supply Plan.
Randy Hurst, Electricity Today

Matching Electricity Demand and Supply.
W. Marshall, NB Power

Uranium Supply, Demand, Pricing.
B. Michel, CAMECO

CNA Session 6 - Panel: In Which Direction
Should Reactors Advance

1015-1200 Chair: W.B. Loewenstein, W.B. Loewenstein Consultants Ltd.

Lessons from Operations.
A.R. Johnson, NB Power

CANDU 2020.
R.S. Hart, J.T. Dunn, AECL

Advanced Reactor Characteristics.
M.W. Golay, MIT

CNA Session 7 - Canadian Advanced Nuclear
Research Programs

1400-1515 Chair: D.H. Lister, UNB

Fusion Research Today.
D.P. Jackson, AECL

Electron Beams — A New Technology in the Forest Industry?
A J . Stirling, AECL

Radiation Medthods for Medical Diagnostics.
E.M. Hussein, UNB

CNA Session S - International Cooperation in Operati
1530-1630 Chair: E. Dewar, Ontario Hydro

An Overview of WANO.
George Hutcherson, WANO

World wide Operations Support.
H.S. Irvine, COG

The IAEA Operations Assistance Program.
E.M. Yaremy, IAEA



MATCHING ELECTRICITY SUPPLY AND DEMAND

W.K. Marshall
Senior Engineer - Power Supply Planning

New Brunswick Power Corporation
Fredericton, New Brunswick

The electric utility industry began as a dispersed, decentralized,
community-based operation with small production and distribution
systems. As demand for electrical energy grew, the industry
evolved toward greater centralization, larger developments and
stronger transmission interconnection of generation and load
centers.

Decisions regarding the matching of electricity supply with demand
have always been influenced by many conflicting issues and
competing priorities. Consumers require high quality reliable
service at a competitive price while at the same time there is
growing concern about the impact of human activities on the
environment.

This imposes three major constraints on the matching of supply and
demand:

(1) minimize cost
(2) maximize reliability
(3) minimize environmental impact

Each of these imbodies different variables which often work
against one another. For example the primary objective of
minimizing cost may in fact be beyond the financial capability of
the utility or bring an unacceptable level of financial risk.

Reliability depends upon adequate levels of supply capacity, the
operating characteristics of the system and security of power
plant fuel delivery. It is always necessary to balance this
objective against cost. Reducing environmental impacts adds
constraints that often increase costs and tends to reduce system
reliability. Consideration must be given to different supply
resources which have different costs, lifetimes and operating
abilities. Finally the separate resources must form an operating
system which can meet the continuously changing demands of all the
customers.

This paper traces the development of the thinking used by power
system planners to match electricity supply and demand. It
considers economies of scale which dominated the early industry,
life cycle costing for comparison of power plant alternatives and
integrated resource planning in which demand-side management
options compete as resource alternatives with power plants.



IN WHICH DIRECTION SHOULD REACTORS ADVANCE
LESSONS FROM OPERATIONS

A. R. Johnson, Station Manager
NB Power, Point Lepreau G.S.

P.O. Box 10
Saint John, New Brunswick, EOG 2H0

506-659-2220

SUMMARY

For an electrical utility, the decision to build and operate a
nuclear power station, is primarily a business one, although
other considerations may also play a role. In simple business
terms, the utility is looking for the ideal investment - maximum
benefit for minimum risk.

Since New Brunswick Power is a Crown Corporation, the benefit is
to the New Brunswick rate payer, and the benefit to the rate
payer is maximised if both capital and operating costs are
minimised. The risk is also to the rate payer, and this is
minimised by ensuring that the power station is not incapacitated
by damage to components that are difficult or prohibitively
expensive to replace, and by anticipating regulatory or public
opinion developments that may drive up cost.

Other papers at this Conference should address construction and
commissioning costs, regulatory developments and public opinion.
This paper addresses the topics of operating cost and risk and
indicates where effort should be placed to reduce both.

The Point Lepreau CANDU 600 has reached a design maturity which,
coupled with mature operating practices has resulted in an
exceptionally high capacity factor. With the approaching
technical resolution of the Pressure Tube problem (albeit late
for operating reactors), only regulatory developments should
demand significant design changes. Consequently, innovations
that can significantly improve Point Lepreau's O & M costs are
not easy to identify. Nevertheless, this paper will consider
some initiatives.

Two principal factors have the potential to cause incapacitating
damage to the plant. First, failure to monitor and control the
condition of equipment and systems, and second, operating and
maintenance errors. This paper will propose strategies to reduce
these risks.



Invited Paper to CNA'92

CANDU 2020
by

R.S. Hart & J.I. Dunn
AECL CANDU

SUMMARY

CANDU nuclear power plants have established an enviable record in the reliable, safe, and
economic generation of electricity since first entering commercial service in the early 1970s.
However, past performance is not sufficient for the assurance of future market success;
CANDU must continue to evolve to meet emerging market requirements running the gamut
from safety and environmental issues to economic and financing concerns.

To date CANDU evolution has focused on safety enhancement, including the defence in
depth approach to the mitigation of postulated accidents, plant simplification through the
reduction of the number of components and arrangement of systems, and the improvement
of constructabiiity and maintainability, These advances are embodied in the CANDU-3.

In the near future, AECL design effort will focus on the design of the CANDU Series 9, a
single unit plant with an electrical output ranging from 900 to 1200 M'W, depending on the
core size and fuel option selected. The CANDU Series 9 will continue along the
evolutionary path, utilizing proven systems, components, and design parameters. Safety
enhancement efforts will focus on reducing the probability of accidents, One aspect of this
effort is the man-machine interface, with particular attention to the control centre.

Other near term activities include the definition and assessment of advanced fuel cycles, for
example, the Tandem cycle, completion of the CANFLEX fuel bundle development, and the
confirmation of CANDU as an economic and effective actinide burner

This paper briefly reviews current design and development programs. The paper then
addresses the year 2020, and identifies a range of conditions that may be imposed on
nuclear plants of the day. Many of these conditions result from the rapid increase in world
population, the need to reverse the trend of increasing disparity between developed and
developing countries, and the need to adequately cope with global environmental problems.
The paper then reviews various evolutionary CANDU features that could respond to these
new conditions, and thereby maintain a strong competitive position.

RSH/ekCNA'92.ppr



ADVANCED REACTOR CHARACTERISTICS

Michael W. Golay
Massachusetts Institute of Technology

Cambridge, Massachusetts

SUMMARY

Technology development is a social process. This fact is
reflected in current programs to create advanced reactors. These
programs have differing rationales, conceptual strengths and
prospects for realization. Concepts promising greatly improved
safety have attracted the greatest attention from the public, but
likely have the least chances of ever being built. Programs to
develop evolutionary reactor concepts, attempting steady
incremental advances in both safety and economics, are attracting
the bulk of reactor development resources worldwide, but are
largely invisible within the debates of different nations
concerning the future of nuclear power. Notable gaps exist in
many countries between the realities perceived by the public,
policy makers, and technologists concerning the prospects and
promises of competing power reactor concepts.

Development of a new power reactor concept can be likened to the
iterative solution of a complex non-linear equation for which
many of the governing relations and data are unknown. In the
solution process the design team varies many factors, including
system materials, configurations and control parameters;
continually seeking improvements over the previous design
versions. The basic reactor concept is analogous to the initial
guess to the solution. Usually the ultimate design iteration
will be different in many details from the initial design, but it
will remain faithful to the basic concept. This corresponds to
finding the ultimate solution in the neighborhood of the initial
guess within the design variable domain. Consequently, since the
ultimate solution is likely to be reasonably close to the
original solution the basis for formulation of the latter is
important.

In formulating a reactor concept development teams often begin
with a formulation of the characteristics of a new product which
will be attractive to a set of potential customers. The
different advanced reactor concepts have differed essentially in
terms of these formulations. Any reactor concept must
simultaneously satisfy minimal performance goals in terms of both
expected safety and economics, and their associated
uncertainties. The minimal economic standard is usually the cost
of electricity from the best competing technology.

The minimal safety standard is that which a particular society is
willing to accept. This standard can change greatly over time,
depending upon such factors as economic conditions, national



security conditions, the level of trust in institutions and
nuclear organizations, and the quality of the recent nuclear
power plant operational record worldwide. For example, in the
Armenian Republic of the former Soviet Union during the past
three years the temper of society has swung from a clamor to shut
down its operating reactors (citing concerns about seismic
hazards to the reactors) to one of demanding that these same
reactors be brought back into operation (citing a need for the
electricity which they would produce, coupled with existence of a
new social order, even though the seismic data for the region has
not changed for the better).

In going beyond these minima different customers will prefer
different performance emphases for a reactor concept in terms of
improving safety or economics and in reducing uncertainty. The
initial reactor concept is then formulated to satisfy what the
designer understands to be the customer's demands. Since the
ultimate solution is typically similar to the conceptual solution
this understanding is then very important in affecting the
ultimate directions of technology development. The reactor
development problem usually is not stated in these terms, but
upon examination it is seen to conform to this description.

The different reactor development programs which are currently,
or have recently been active worldwide are listed in Table 1. It
is seen that they are grouped according to concepts attempting to
make important gains in safety, while remaining competitive
economically (the "advanced" concepts) ; and those attempting
primarily to improve economic performance nnd secondarily to
improve safety (tha evolutionary concepts). The latter have
attracted the greatest investment worldwide and the former the
greatest publicity. The latter concepts have been formulated
largely in response to electric utility company preferences; the
former in reflection of the evaluations by designers of the
demands of the general public. If the advanced concepts can be
developed successfully (all are now at the design or conceptual
stage of development) it will remain to be seen whether the
public will actually bestow its acceptance upon promising but
unproven technologies.

The advanced concepts are typically of lower power than the
evolutionary concepts, because they rely upon passive safety
features to accomplish the post-shutdown reactor cooling and
containment cooling functions. These features are less effective
but potentially more reliable than the active features used for
the same purposes in the evolutionary plants. Consequently the
maximum permitted power of the core is determined by the maximum
heat flux which can be sustained by the least effective safety
feature, with the result that the advanced reactor concepts are
typically of lower power than the evolutionary concepts. The
currently active advanced concepts and their associated passive
safety features are summarized in Table 2.



All of these reactor concepts except for the PIUS and MHTGR are
designed without containment structures. Rather they rely upon
highly reliable core cooling and high-integrity fuel,
respectively; in the hopes of rendering the containment
superfluous. The burden of proof to show that these functions
will be accomplished with low uncertainty may be very great.

The movement to develop advanced reactors is now entering its
second decade. It remains to be seen whether any will ever be
built. As time passes without an order being placed for such a
reactor the likelihood grows that the traditional utility
preference for evolutionary plants will predominate. Should this
occur the greatest contribution of the advanced reactor effort
would likely be the stimulation of reactor designers of all types
to reexamine their understandings and approaches for improving
safety. In any event it will be interesting to participate in
the resolution of these competing approaches to technology
development.



Table 1
WORLDWIDE PROGRAMS OF NUCLEAR POWER TECHNOLOGY

PROGRAMS EMPHASIZING PASSIVE SAFETY

Federal Republic of Germany

lOOMWe Modular GTGR (Siemens, Brown Boveri) (Inactive)

United Kingdom and United States

3 00MWe Modular PWR (SIR Concept) Rolls Royce & ABB-
Combustion Engineering)

United States

130MWe Modular HTGR (General Atomic)
13 0MWe Modular LMR (PRISM Concept, general Electric)
750MWe PIUS-3WR (Oak Ridge National laboratory)
600MWe LWRs (Semi-passive safety)
SBWR (BWR, General Electric)
AP-600 (PWR, Westinghouse)

Sweden

500MWe PIUS-PWR (Asea-Brown Boveri)

PROGRAMS EMPHASIZING ECONOMIC PERFORMANCE

Europe

Joint European Fast reactor (France, Germany, United
Kingdom)
European (1400MWe?) PWR (Nuclear Power International:
France, Germany)

Canada

France

Germany

450MWe HWR (CANDU 3) (AECL)
900MWe HWR (AECL & Ontario Hydro)

1400MWe PWR (N4 Project, Framatome, Electricite de
France)
1200-1450MWE LMR (Superphenix-1 Project, Novatome,
Electricite de France)

500MWe HTGR (Successor to 300MWe THTR Project)
(Inactive)
300MWe LMR (SNR 300 LMFBR Project) (Inactive)



Table 1 (continued)
Japan

1250MWe LWRs
ABWR (Tokyo Electric Power, general Electric,
Toshiba, Hitachi)
APWR (Kansai Electric, Mitsubishi, Westinghouse)
714MWt LMR (Monju LMFBR Project) Successor to 148MWe

FUGEN LWR/HWR Project

United Kingdom

100-1400MWe MWR (Sizewell-B, Hinkley Point-C Projects

United States

LWR Requirement Document Project (Electric Power
Research Institute)
1250MWe ABWR (General Electric)
1250MWe APWR (Westinghouse)
System 80+ (ABB-Combustion Engineering)

Abbreviations

BWR: Boiling Water Reactor
CANDU: Canadian Deuterium Uranium, Heavy Water Reactor
HTGR: High Temperature Gas-Cooled Reactor
HWR: Heavy Water Reactor
LMFBR: Liquid Metal-Cooled Fast Breeder Reactor (version of

LMR)
LMR: Liquid Metal-Cooled Reactor
LWR: Light Water Reactor
PIUS: Process Inherent Ultimately Safe (version of LWR)
PRISM: Power Reactor Inherent Safe Modular (version of LMR)
PWR: Pressurized Water Reactor
SIR: Safe Integral Reactor (version of LWR)



Table 2
Reactor and Containment Ultimate Cooling Features and

Mechanisms of the Advanced Reactor Concepts

Reactor Concept Cooling Function Plant Feature/Mechanism

Water-Cooled Reactors

PIUS Reactor cooling:

AP-600 Reactor cooling:

SBWR

Containment cooling:

Reactor cooling:

Conta inment cooling:

Gas-Cooled Reactors
Modular High Temperature
Gas-cooled Reactor(MHTGR)

Reactor cooling:

Sodium-Cooled Reactor
Reactor cooling:

Containment cooling:

Natural convection and
evaporation of borated water pool
in which reactor is immersed

Transient - natural convection to
elevated high pressure heat
exchanger, with evaporation into
containment from immersion pool
Post LOCA - flow of stored
coolant under influence of
pressurized gas and gravity to
core and evaporation into
containment
Natural convection of air about
exterior of containment with
evaporative assistance

Transient - natural convection to
elevated high pressure heat
exchanger, with evaporation from
immersion pool into containment
Post LOCA - flow of stored
coolant under influence of
gravity to core with evaporation
into containment
Natural convection of containment
atmosphere to elevated heat
exchanger immersed in ex-
containment water pool which may
evaporate

Thermal radiation from reactor
vessel to surroundings,
conduction from surroundings to
soil

Thermal radiation from reactor
vessel to surroundings,
conduction from surroundings to
soil
Natural convection of air around
containment exterior and thermal
radiation to surroundings



FUSION RESEARCH TODAY

D.P. Jackson
National Fusion Progran

AECL Research
Chalk River Laboratories

Chalk River, Ontario KOJ 1J0
613-584-3311

Last year two important milestones were reached in fusion, both at Europe's
JET tokamak device. Significant power production from fusion (1.7 MW over
2 seconds) was demonstrated for the first time by the introduction of
tritium into JET. In a separate set of experiments, plasma conditions were
produced that exceeded those required for scientific breakeven. In these
experiments, the ratio of the projected energy production to the energy
required to heat the plasma was demonstrated to be -1.14 and thus, the
scientific feasibility of magnetic fusion was established. The impact of
these developments on world fusion R&D and their significance for Canada's
fusion program will be discussed.



ELECTRON BEAMS A NEW TECHNOLOGY IN THE FOREST INDUSTRY

Andrew J. Stirling
General Manager

AECL Accelerators
436B Hazeldean Road

Kanata, Ontario K2L 1T9
(613)831-2882

Intense beams of high energy of electrons have the energy to penetrate and the power to
chemically modify industrial materials. These effects have been extensively studied by
the nuclear industry to ensure they do not degrade structural materials. Electron beams
are also well established in the production of polymers such as paints, tires, wire, cable
and shrink wraps. In these industries, the electron beams create cross-links between
polymer molecules, to cure the plastic or to toughen it. At higher electron doses, intense
electron beams depolymerize long molecules. Such crosslinking and depolymerization
takes place when electrons interact with cellulose (a natural polymer) and this is
expected to have industrial significance soon.

A number of forestry applications have been studied.

The first relates to the production of thermomechanical pulp (TMP). In this process,
grinding equipment literally tears the fibres apart. A typical TMP unit requires
2-3000 Kw/h per tonne of pulp and units with motors of 20 MW are the norm. In
regions without low cost electricity, power costs dominate the cost of paper. Other
species, such as the loblolly pine in the southern USA requires 2-4 times more electricity
per tonne, and power costs are much higher than in Canada. A preparatory treatment
with a high energy electron beam reduces the energy required to produce the pulp by 30-
40%, though the resultant paper strength is reduced somewhat. The economic
advantages depends on the forest type, location and the end-use for the paper.

Another application of interest to the forest industry involves the production of viscose, a
precursor to rayon and other staples. In this process, pulp is depolymerized, dissolved in
a carbon disulphide-based process and then extruded as a fibre. Currently the
depolymerization stage uses chemicals and heat. Replacing this with an electron-beam
depolymerizer enables the rayon producer to control the molecular weight of cellulose
within an exceptionally narrow range. This then permits major process economies
downstream and the electron beam activates the cellulose reducing the quantities of the
expensive and environmentally disagreeable chemicals required. It should also permit
the use of oxygen-bleached (rather than chlorine bleached) pulp as source material for
rayon production.

A simpler but highly topical application of electron beam technology in the forest
industry could be to kill nematodes in lumber or wood chips. This may be necessary to
maintain Canadian exports in the face of European barriers.



RADIATION METHODS FOR MEDICAL DIAGNOSTICS

Esam M. A. Hussein
Department of Mechanical Engineering

University of New Brunswick
Fredericton, N.B. E3B 5A3

(506) 453-4513

Nuclear radiation provides the ability to "see" through the body,
without perturbing or endangering its functions. A beam of
radiation passing through the body is subjected to absorption and
scattering by the tissue in the beam path. The emerging radiation
carries differential absorption and scatter information, which is
exploited to determine the composition and density of the
intervening tissue. The essence of diagnostic imaging is to
utilize the change in radiation intensity and/or energy to
produce a picture elucidating different properties of body
tissues. This is achieved with the aid of a computer which
reconstructs the image from recorded measurements.

A number of imaging methods have recently emerged. These include
digital radiography, x-ray computed tomography, emission
tomography and Compton scatter imaging. This paper briefly
reviews the physical principles of each method, describes their
capabilities and limitations and outlines future research
directions.

In digital radiography, conventional x-ray projections are
digitized and numerically manipulated and analyzed to enhance the
imaging quality. For example, visualization of circular volumes
of blood in an organ can be made by digitally subtracting a pair
of angiographic images to eliminate stationary overlying
structures. This enhances the presence and distribution of the
x-ray contrast material in the circulation.

X-ray computer tomography (CT) is perhaps the most mature and
best known medical imaging method. It utilizes x-ray transmission
measurements obtained from many angles throughout the body using
a scanning mechanism. The measurements are then mathematically
processed by a computer to reconstruct a two-dimensional
distribution of x-ray densities (attenuation coefficients) in the
irradiated cross section. A three-dimensional image is obtained
by combining the images of adjacent cross-sectional slices. CT
systems are now widely used on routine basis in many hospitals.
There is however room for further development, given the rapid
advancement in computer technology. There is also a need for
devising new transmission imaging methods which can reduce the
required dose exposure to the patient and enable more efficient
utilization of the system.



Emission-computed tomography involves the determination of the
spatial distribution of radioactivity from radionuclides injected
into the body. The emitted radiation is measured either by
directly monitoring single emitted photons or of positrons
emitted in coincidence. Emission information is gathered at
different angles around the object. Two-dimensional images of
biochemical or metabolic processes are then mathematically
reconstructed with the aid of a computer. This is a powerful
technique, but it requires the development of proper
pharmaceutical products that can carry the radioactive material
to the organ of interest.

Compton scatter imaging utilizes the energy and intensity of
photons scattered in an object illuminated with gamma radiation
to produce an electron density map. By utilizing wide field-of-
view detectors with high energy resolution, and relating the
energy to angle of scattering, a large number of measurements can
be obtained using a small number of detectors. This may enable
the passive imaging of a patient during radiotherapy, by simple
monitoring of the scattered radiation. The technique is currently
being developed by this author and co-workers, taking advantage
of the recent development in detector and computer technology.



AN OVERVIEW OF WANO
George Hutcherson

Manager, WANO-Atlanta Center
1100 Circle 75 Parkway
Atlanta, Georgia 30339

404-956-2896

The formation of WANO

The benefits of nuclear power can be brought to mankind only if safety is kept at the
highest level. The ultimate safety responsibility for nuclear electricity generation rests
upon the organization that operates the nuclear power plant.

Each nuclear utility has an individual responsibility to guarantee safety. The utilities also
have a collective responsibility to work together to improve their performance and
continually upgrade the safety of operating plants.

One proven effective way of promoting the safety and reliability of nuclear power is the
mutual exchange of information on nuclear power plant operations between utilities. In
this way the utilities can all learn from one another, they can all help one another, and
can raise the performance of all to the standards of the best. For these reasons, the World
Association of Nuclear Operators was created.

A global warning

The formation of the World Association of Nuclear Operators (WANO) was spurred by
the 1986 accident at Chernobyl, which demonstrated the need for international
cooperation and exchange of information. Chernobyl created a determination among
nuclear utilities throughout the world to work together in a way that crosses all political
and cultural boundaries.

This self-mandated drive for improvement is a recognition of the fact that regulations
alone cannot guarantee safety. As the President's Commission on the accident at Three
Mile Island Nuclear Station (Kemeny Commission) pointed out, more regulations do not
mean more safety. The ultimate responsibility for safe operation rests with the nuclear
utility. In forming W A N O , nuclear utility organizations affirmed their commitment to
meet that responsibility and search for ways to improve nuclear plant safety and
reliability.

Inaugural Meeting in Moscow

On May 15, 1989, representatives of electric utilities with operating nuclear power plants
gathered from around the globe in Moscow. One by one, they signed their names to a



charter for WANO. With their signature, they made a commitment to freely exchange
operating information and to use that information to improve plant reliability and safety.

The mission of WANO is clear: To maximize the safety and reliability of the operation
of nuclear power plants by exchanging information and encouraging communication,
comparison and emulation and among its members.
Communication, comparison and emulation, the nuclear industry has found, are powerful
tools in building a record of safety and reliability. WANO serves as a worldwide
facilitator for these activities, representing 141 organizations operating more than 400
nuclear units throughout the world.

Organizational structure

WANO operates through its four regional centers in Atlanta, Moscow, Paris and Tokyo.
Each utility organization is a member of one or more of these regional centers, with
staffing provided by the region's members. While usually guided by geography, a utility
may choose the center to which it belongs.

A small coordinating center based in London coordinates the activities of the regional
centers. It also works closely with the International Atomic Energy Agency and other
international organizations to eliminate duplication of effort.

The regional centers are linked to one another, to their individual members and to the
coordinating center by a data communications system. This computer-based system
allows information exchange on a wide range of topics related to operational safety and
reliability.

Functions

The activities of the regional centers can be divided into four areas:

• Exchange of operating experience -- collect, screen, analyze and distribute event
data relevant to safe operation

• Exchange of good practices - disseminate good practices among the members of
the regional centers and to the coordinating center

• Exchanges between operators — sponsor direct operator-to-operator information
exchanges such as visits, workshops, seminars and staff exchanges among
members. For example, through exchange visits, teams from every Moscow
Center nuclear plant have visited a Western plant, and vice versa.



• Collection and distribution of performance indicator data - WANO members
report data on 10 key performance indicators. These ten indicators are based on
the Institute of Nuclear Power Operations (INPO) indicators used by U.S. utilities
since 1985. In 1990, that program was expanded with the adoption by WANO of
an international set of indicators and definitions. Periodic reports of worldwide
performance are published, and members use the data to compare the
performance of their units with those of similar design and to monitor the
industry's collective progress.

The future of WANO

Two hundred forty-two delegates from nuclear operating organizations worldwide met
for the Biennial General Meeting in Atlanta April 21-23, 1991 to discuss the progress
and future of WANO.

There was an overwhelming consensus that current WANO activities should be
continued and strengthened; that WANO should widen the scope of exchange visits, and
improve the collection of operational performance indicator data, the electronic exchange
of information and the conduct of seminars and workshops.

Not merely content to perpetuate existing programs, participants at the Biennial General
Meeting discussed ways to make WANO more effective. One result of this discussion
was the agreement to explore a voluntary WANO peer review program. As WANO's
next evolutionary step, these peer reviews would entail independent, outside observation
of plant operations by experienced operators from other plants with the objective of
providing recommendations for improvements. Plans call for a series of pilot peer
reviews to form a basis for a longer term program.



THE IAEA OPERATIONS ASSISTANCE PROGRAMME
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The IAEA has had an expanding role in the safe operation of
nuclear facilities particularly since the Chernobyl accident in
1986.

This paper gives an overview of the international services
developed over the last number of years covering items of
direct interest to plant operation such as Operational Safety
Review Teams (OSART), Assessment of Significant Event Teams
(ASSET), Incident Reporting System (IRS), plus other services
directed to enhancing nuclear safety such as Engineering Safety
Review Teams for the review of siting, design, and safety
analysis matters and the International Regulatory Review Teams
for the review of regulatory capability.

Possible directions of future activities in light of the
September 1991 International Conference on "The Safety of
Nuclear Power: Strategy for the Future" and a possible
International Safety Convention are touched upon.
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Safety Principles in Design

R.A. Brown (Ontario Hydro)
J.Q. Howieson (AECL CAndu)

After 25 years of safe electricity production the CANDU system can be considered a
mature design concept. The "defense in depth" foundation of the Canadian safety
philosophy, like that of many other countries, relies on designing the plant such that
the radioactive materials are contained within a succession of physical barriers. This
basic concept recognizes that in spite of the best effort of designers and operators,
equipment failures and operator errors may occur such that one or more of the
physical barriers to radioactivity release is breached. This approach leads to a multi
barrier, multi level "defense in depth" system which is tolerant to a wide range of
equipment failures and human errors.

While following the widely accepted international standards documented in the IAEA
Safety Guide "General Design Safety Principles for Nuclear Power Plants", lessons
learned from the NRX accident has lead to specific criteria for nuclear power plants in
Canada. These include a requirement that the process and special safety systems
must be physically and functionally separate, diverse and independent to the
maximum extent practicable,
and these systems must be testable with testing programs implemented to
demonstrate continued capability to meet performance specifications.

From a control room operators point of view there are three basic functions which must
be undertaken following an accident in order to limit the consequence to the public
from any accident: (1) shutdown, (2) cooldown, and (3) contain. This paper discusses
the various safety design principles incorporated into the special safety and safety
support systems which are provided to the operator to enable him to undertake these
functions.

Recent experience has shown that the multitude of tasks facing an operator, each of
which on its own may be straightforward, has lead to a complexity of operation which
has a potential impact on safety. Thus future CANDU designs are focussing on an
overall reduction in complexity, both in the design of simpler systems for normal
operation and in the way the design mitigates potential accidents, and by providing
more user friendly tools to allow the operator to do his job.



OPERATIONAL SAFETY IN A SMALL UTILITY

D.F. Weeks and P.D. Thompson
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ABSTRACT:

New Brunswick Power is a provincially owned utility with a total
capacity of 3875Mw. Generation is provided from a mix of sources
including coal, oil, and hydraulic as well as the 680 MW Candu 6
at Point Lepreau. Incorporation of the single nuclear unit into a
smaller utility brought with it a number of administrative and
technical challenges. Some of these challenges were unique to the
pre-operational design and commissioning period. Others, such as
the need to ensure that operational safety and reliability of the
facility is maintained, have continued into the operational phase.

Performance of Point Lepreau has been world class since its startup
in 1983. The 93.9% capacity factor, since in-service and up to 31
January 1992, has earned Point Lepreau second place in the Nuclear
Engineering International ratings. The success of Point Lepreau
results from a combination of good design, and a concerted effort
to develop and maintain programs which will assure ongoing
operational safety and reliability. This approach has been
strengthened by the integration of operations, technical, nuclear
safety and training resources into one on-site group. A corporate
culture has developed which stresses attention to detail, ongoing
improvement to the design and, an approach to planning of
operations and maintenance activities which includes input from all
affected parties.

This paper outlines significant features of the approach adopted
at Point Lepreau, summarizes the important lessons learned and
discusses some of the more important challenges which remain. Some
of these challenges are not unique to a smaller utility, eg. the
method of reporting of special safety system performance.



STRATEGIES TO KEEP A PLANT YOUNG AT HEART
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Keeping young at heart has as much to do with our attitudes as it
does with the effort we put into maintaining our physical
condition. Generally our quality of life and usefulness in
society is enhanced as we grow older if we keep this life view.
Several delegations have visited Point Lepreau in an attempt to
determine what it is which allows this station to operate
consistently so well. The answer lies in two areas, the attitude
of our staff and attention paid to maintaining the equipment. As
a station we need to understand the answers to this question and
as we enter the second decade of operation take steps to hold on
to what has worked so well for us and maintain the attitudes and
initiatives which will allow us to stay "young at heart".

The purpose of this paper is to discuss some of the issues which
make us successful and which require careful attention in the
years to come if we are to continue to operate well as a station.
It is recognized that many of the issues are more readily handled
in a single unit station such as Point Lepreau. It is further
acknowledged that to a very real extent the success has been made
possible by close and cooperative relationships developed with
other larger companies in the nuclear industry in Canada. In
spite of the differences, it is hoped that these thoughts may be
of some use to other operators who, no doubt, share with us the
desire to keep stations running well as they age.

We are in the business of generating electricity safely and in a
cost effective and reliable manner. This paper will focus
primarily on maintenance/operational issues. On some of the
steps which, in this context, can be taken to help maintain a
high capacity factor. Initiatives to reduce the need to renovate
or, in cases when renovation is unavoidable, to limit the
associated down time. The issues will be dealt with in two broad
categories; hard issues and soft issues. In some cases Point
Lepreau experiences will be used to illustrate points also "good
practices" in areas such as outage preparation will be suggested.

Hard Issues

These are the hardware, systems, design, procedural types of
issues which as operators we can influence to improve
performance. Emphasis will be placed on how we plan and carry
out annual shutdowns and prepare to handle the larger projects
such as single Fuel Channel Replacement, strategies adopted in



our day to day maintenance planning, preventative maintenance and
work management systems will be discussed.

Soft Issues

These are the less tangible "attitude" type of issues which
generally are most difficult to achieve and sustain. We are
fortunate that through the commissioning and early operation
phase the correct mix of people, reasonable number of staff and
support of union and management lead to the establishment of a
pretty remarkable working environment. The resulting team work,
morale, motivation, ownership type of attitudes are most
responsible for enabling the station to operate at a level above
the average. These will be discussed, again in the context of
how they are manifested in keeping equipment operating.

The success of Point Lepreau is a result of a forgiving design
being operated by a motivated work force the members of which
have learned to plan well, work very well together as a team and
know when and where to get help. It is hoped that this paper by
addressing some of these issues will help those of us at Point
Lepreau to commit to applying the necessary effort in the correct
areas to maintaining the attitudes which will keep us "young at
heart". In addition it may provide some food for thought for
other operators faced with the similar problems of an ageing
station and a work force which may tend to become more complacent
as the years pass.
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WIMS-AECL CALCULATIONS FOR THE DOPPLER COEFFICIENT OF REACTIVITY

F.C. Wong

AECL Research
Chalk River Laboratories

Chalk River, Ontario, Canada
KOJ 1J0

Summary

WIMS-AECL1 is a lattice code used at AECL Research for reactor
calculations. These calculations for the Doppler coefficient of
reactivity were performed in support of the effort to validate WIMS-
AECL. The Doppler coefficient is an important parameter in the
evaluation of reactor transients. The Doppler feedback, associated
with changes in fuel temperature when a reactor goes from hot zero
power to hot full power, is a relatively small effect that is difficult
to measure directly. It is usually derived from other measured
parameters.

Mosteller et al.2'3 calculated the Doppler coefficients for an infinite
lattice of pin cells using the HCNP-3A4 Monte Carlo code with data
generated from the ENDF/B-V nuclear data library. Each square pin cell
has a fuel pin, consisting of a circular fuel pellet clad in natural
zirconium, surrounded by light water. The fuel temperatures at hot
zero power and at hot full power were assumed to be 600 K. and 900 K,
respectively. Calculations were performed for uranium oxide fuel of
various enrichments and for mixed-oxide fuel with 1 and 2 atom percent
of plutonium. The uranium oxide fuel represents fresh fuel, while the
mixed-oxide fuel represent fuel at high exposures. The results were
then used as a set of numerical benchmarks to evaluate the accuracy of
the CELL-25 code.

The same lattice was modelled in WIMS-AECL and calculations were
performed using a discrete ordinate, DSN, and a collision probability,
PERSEUS, neutron transport method in WIMS-AECL. An 89-energy-group
WIMS-AECL library6 generated from the ENDF/B-V nuclear data library was
used for both methods. The Doppler coefficient of reactivity for each
fuel enrichment was computed by

Doppler Coefficient = (l/k600 - l/k900)10/3 mk/K

where k600 and k900 are the k-infinities when the fuel temperatures are
600 K and 900 K, respectively. A comparison of the calculated Doppler
coefficient of reactivities with those from MCNP-3A and CELL-2 are
shown in the table below.
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Table 1
Comparison of Doppler Coefficient of Reactivity (mk/K)

Uranium Oxide Fuel

Fuel
Enrichment

(wtX)

0.711
1.6
2.4
3.1
3.9

-0
-0
-0
-0
-0

Mixed-Oxide Fuel

Plutoniuni
Concentration

(a/o)

1.0

2.0

MCNP-3A

.054 + 0.

.036 + 0.

.027 + 0.

.026 + 0,

.024 + 0.

.008
,003
.003
,002
,002

MCNP-3A

-0.037 -.

-0.034 +

: 0.004

: 0.003

CELL-2

-0.056
-0.036
-0.030
-0.027
-0.024

CELL-2

-0.042
-0.036*

-0.038
-0.031*

WIMS-AECL
DSN

-0.058
-0.036
-0.029
-0.027
-0.025

WIHS-AECL
OSN

-0.036

-0.033

WIHS-AECL
PERSEUS

-0.059
-0.036
-0.030
-0.026
-0.025

WIMS-AECL
PERSEUS

-0.036

-0.032

(* Improved CELL-2 calculations)

The MCNP-3A calculations were performed with a million neutron
histories for each case, resulting in standard deviations of the order
of 10 percent in the Doppler coefficient of reactivity. WIMS-AECL
calculations of the Doppler coefficient of reactivity are in excellent
agreement with those predicted by MCNP-3A, and are within the single
standard deviation associated with the MCNP calculations. Therefore, a
10 percent uncertainty on the calculated Doppler coefficients by WIMS-
AECL would be an acceptable margin.
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REACTOR PHYSICS ASPECTS OF MODELLING IN-CORE SMALL LOSS OF COOLANT ACCIDENTS

E.V. Carruthersa, M.Z. Farooquia, A.S. Adebiyja, G. Gabourya, H.S. Smith*1, M.B. Golda
Special acknowledgement to N. Royb and A.L. Wight*3 for early development of the methodology.

a Reactor Physics Unit, Nuclear Safety Dept., Ontario Hydro
11th Floor, 700 University Ave., Toronto, Ontario M5G 1X6

b Previously with the Reactor Physics Unit

In-c&te small loss of coolant accidents(LOCAs) have been analyzed over a wide range of possible
initial core states including that of a high moderator poison concentration. The in-core rupture
of a pressure tube and its calandria tube represents a unique class of small breaks due to the
possibility of damage to in-core reactivity devices such as the shutoff rod and mechanical
control absorber guide tubes. In addition, the potential dilution of moderator poison by the
unpoisoned coolant discharge would provide an additional positive reactivity source. The upper
limit of moderator poison considered was that which would occur if the reactor is restarted
after being shutdown, just after being overfueled by the maximum permissible amount, for a
long enough period that all saturating fission products have decayed.

The physics analysis of in-core breaks consists pf two distinct objectives.. The first of these is
to assess the reactor regulating system response (RRS) to a range of possible reactivity
transients and determine the core bulk and spatial power transients. These power transients
are analyzed to assess channel dryout times and trip parameter effectiveness. The second
objective is to calculate an overall reactivity balance to assess the subcriticality margin up
until operator action is credited (fifteen minutes after unambiguous indication of the accident).

For trip parameter effectiveness assessment, the study considered a range of possible break
sizes, a range of moderator to coolant isotopic purity differences, as well as various initial
power levels. The location of the in-core damage zone is chosen to maximize the consequential
damage to the reactor regulating system. The SMOKIN1 code was used to model the reactor
regulating system response, the resulting power excursion, and the neutron overpower trip
times. Thermal hydraulic input data were generated by the SOPHT2 and SOMASS3 codes. The
discharged coolant was assumed to mix rapidly (relative to the 900 second timeframe of the
analysis) with the moderator resulting in global reactivity transients due to moderator poison
dilution, moderator purity degradation by the coolant, and changes in moderator temperature
due to the higher temperature of the discharging coolant4. Figure 1 illustrates the reactivity
transients for a 225 kg/s rupture of a Bruce NGS B pressure tube and calandria tube with a
moderator to coolant isotopic difference of one weight percent. Figure 2 illustrates the
resulting core bulk power transient, a candidate hot channel power transient (selection of
candidate hot channels is described in Reference 3), and the neutron overpower detector signal
of the third safety channel of the shutdown system two detectors.

For assessing the subcriticality margin up until operator action is credited, the spreadsheet
reactivity model described in Appendix A of Reference 4 is used. The location of the in-core
damage zone is chosen to maximize the consequential damage to the shutoff rod guide tubesS,
reducing shutdown system one's reactivity depth. The methodology and assumptions are further
described in Reference 4. Table 1 illustrates the subcriticality margin calculation for the same
break with the minimum operating limit of 0.2 weight percent isotopic difference. The case



shown resulted in the smallest margin to criticality of 6.3 mk and assumed the latest possible
trip time, loss of emergency coolant injection and no boiler crash cooldown following reactor
t r ip .
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Total reactivity

Shut oft rods

Poison injection

Poison addition
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0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 Q.O 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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0
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0

0
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•19

0

0

.9

,4

.0
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13.

-19.

0.
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1

4

0
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Net reactivity

Trip time

Moderator Purity =

Coolant Purity =

Poison Reactivity »

initial Xenon (0 or 1) ••

0 . 0

236 seconds

99.75 wt.%

99.55 wt.%

44 milli-k

0

0.0 0.0 0.0 0 .0 - 1 9 . 4 - 1 4 . 5 - 1 5 . 4 - 1 4 . 6 - 1 4 . 2 - 1 4 . 1 - 1 3 . 1 - 1 2 . 0 - 7 . 8 - 6 . 9 - 6 . 4 -6 .3

Max. RRS reactivity

SOR(No RRS) Worth

SOR & RRS Worth

LISS worth =

RRS react, at trip time =

-(Restart or Nominal operation)

9.9 milli-k

25.2 milli-k

28.7 milli-k

0 milli-k

•9.3 milli-k

Table 1

Void reactivity *

Void reactivity uncertainty
13.10 mllli-k

1.4 mllli-k

Subcriticality Margin (mk) After a 225 kg/s PT/CT Rupture with SDS1 Credited

Loss of ECI and Loss of BCC, Reactor Trip at 236 s

(Moderator-Coolant Isotopic at 0.20 wt% Difference)



ORIGEN-S CROSS-SECTION LIBRARIES FOR CANDU REACTOR
USED-FUEL CHARACTERIZATION

by I.C. Gauld

AECL Research, Whiteshell Laboratories
Pinawa, Manitoba ROE 1L0

Summary:

This work describes the production and validation of burnup-dependent cross-section libraries for CANDU
(CANada Deuterium Uranium) used-fuel characterization for use with the ORIGEN-S isotope generation and
depletion code. The libraries are generated using a code system that links the WIMS-AECL lattice code and
multi-energy-group cross sections with ORIGEN-S.

The primary advantage of this system lies in the control over the cross sections and other nuclear data used in the
ORIGEN-S libraries. The code system creates application-specific and time-dependent libraries that reflect
reactor operating conditions, fuel-assembly and reactor design, and fuel composition variations during irradiation.
The calculations are not bound by the parameters assumed in preprocessed libraries such as those used in
ORIGEN2. In addition, new libraries can be generated as new cross-section and other nuclear data become
available.

Other improvements in the ORIGEN-S code include substantially improved data for calculating neutron sources
from spontaneous fission, and (a,n) reactions in UO^ and borosilicate glass. The code also generates principal
photon sources, and provides a case-dependent calculation of the removable energy per fission, and an expansion
of the chemical processing options and data storage capabilities.

The code system developed for CANDU cross-section library production is based extensively around the fuel
depletion sequence of the SCALE (Standardized Computer Analyses for Licensing Evaluation) modular code
system [1]. The SCALE system was modified at AECL to allow integration of the WIMS-AECL code and
ENDF/B-V-based cross sections into the sequence. Neutronic data from a WIMS-AECL lattice simulation of a
CANDL reactor are used to collapse multigroup cross sections from SCALE and the WIMS-AECL libraries. The
collapsed multigroup data are used to update the ORIGEN-S database through the depletion analysis, thereby
adjusting cross sections as fuel compositions and flux change with time. The ENDF/B-V -based cross sections
from the WIMS-AECL library are used in place of ENDF/B-IV-based cross sections from SCALE for capture,
fission, and (n,2n) reactions for the important burnup isotopes.

The fuel isotopics predicted by ORIGEN-S, using the CANDU cross-section libraries, are compared with
experimental fuel assay data from three CANDU-PHW reactor designs, including Pickering, Bruce and NPD.
Calculated results from WIMS-AECL and ORIGEN2 are also presented for the same benchmarks. The
ORIGEN-S inventory predictions, using the WIMS-AECL-updated libraries, are in excellent agreement with the
experimental data. The results were generally within 2% of experiment for the uranium and plutonium isotopic
parameters, which is significantly better than predictions of 0RIGEN2. Fission product predictions showed a
larger deviation with experiment than the actinides. The majority of the ORIGEN-S code results were within
experimental uncertainties, and appear to be in better overall agreement with experiment than ORIGEN2 for the
majority of measured isotopes, although the evidence remains indefinite because of large uncertainties on a
number of measurements. The results of comparisons between calculated and measured afterpower heating on IS
Douglas Point fuel assemblies will also be presented.

Future code system upgrading will be discussed as well. This includes expanding the multigroup cross-section
library to incorporate a number of isotopes not currently available in either the WIMS-AECL or SCALE libraries,
and updating the ORIGEN-S nuclear database with improved fission product yield data.



The work reported in this paper was funded by the CANDU Owners Group (COG) Reactor and Radiation Physics
Working Party.

1. "SCALE: A Modularized Code System for Performing Standardized Computer Analyses for Licensing
Evaluation", NUREG/CR-0200 Rev. 4 (ORNL/NUREG/CSD-2/R4) Volumes 1,11 and III, Draft
Document (January 1990).



AN AUTOMATED PROCEDURE FOR EXCLUDING READINGS
OF FAILED DETECTORS IN FLUX MAPPING

by

B. Rouben, H.W. Dassen and K. Ossia

AECL CANDU
Sheridan Park Research Community

Mississauga, Ontario
L5K 1B2

Flux mapping is a well-known procedure for synthesizing a 3-dimensional flux
distribution inside the reactor core by expansion in a set of predetermined flux shapes
("modes"), using the readings of in-core vanadium detectors as data. The amplitudes of the
various modes used in the expansion are determined by a least-squares fit of the synthesized flux
to the detector readings.

Occasionally, the in-core flux-mapping detectors fail or go irrational - that is,
their readings fall outside a reasonable range. In this case, the recorded readings of these
detectors should clearly not be used as reliable data.

The present version of the flux-mapping program handles failed or irrational
detectors by substituting for the corresponding fluxes best-estimate values. This substitution
allows irrational detectors to be kept in the least-squares sum without invalidating the procedure.
The best-estimate detector fluxes can for instance be taken as the mapped values of the flux,
once at least one map is available. (Before the first current map has been obtained, they can be
computed from the fundamental mode used in the mapping, or else taken from a recent
determination.) Typically, when irrational detectors are present, the mapping is carried out in an
iterative procedure, with irrational readings being substituted as above until no further
irrationalities are detected.

While the above procedure is practical, it is by no means the most appropriate
one. It is obvious that once a detector has been established as irrational, it should simply be
dropped from the flux-mapping process. That is, this detector should be taken out of the
least-squares sum. In this way, no "best-estimate" value can skew the results.

Excluding failed detectors from the leastTsquare sum has so far been impossible
in the on-line version of the flux-mapping program. The reason for this is that the on-line
program uses precalculated "pseudo-inverse" matrices to produce the least-squares fit. The
dimensionalities of these matrices are preset and cannot be changed.

The same restrictions do not, however, apply to the off-line version of the
flux-mapping program. In the present work, this has been used to advantage to re-program the
process. In the version developed here, failed or irrational detectors are excluded from the
mapping procedure, and the matrices are reduced to a dimension equal to the number of "good"
(non-irrational) detectors.



The special handling of failed detectors is automated so that the program user
need not intervene by "manually" removing readings of the failed detectors from the data set.
Detectors are re-ordered internally so that the good detectors form a contiguous set, permitting
an efficient way of calculating the "pseudo-inverse" matrix for the reduced set. The mapped
value of flux at the irrational detectors is still generated however, for information, although it
does not enter into the least-squares process.

The procedure used for excluding detectors will be explained in detail and
illustrated with specific examples. The performance of the code will be assessed, as will the
practicality of using the coding for the on-line version of the program.
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THE USE OF DEPLETED URANIUM FOR THE REDUCTION OF VOID REACTIVITY IN

CANDU REACTORS

by

A.R. Dastur, P.S.W. Chan and D. Bowslaugh

AECL CANDU, 2251 Speakman Drive
Mississauga, Ontario L5K1B2

SUMMARY

Positive void reactivity is a perceptual issue which may affect the marketing of
CANDU to foreign clients. This issue is being addressed at AECL CANDU by the development
of methods that demonstrate the feasibility of adjusting void reactivity to the client's licensing
needs. These methods involve the use of parasitic and fissile material in the fuel bundle to
produce negative reactivity on voiding (Reference 1). In this paper we show how fertile material
can be used in void reactivity reduction.

The incentive for using fertile material is basically to reduce the fuel enrichment
level that is needed for void reactivity reduction. This is made possible by the formation of
fissile plutonium during fuel irradiation (which is a substitute for U-235) at an accelerated rate.
Furthermore, during early irradiation, the pins of depleted uranium behave as absorbers. These
act as substitutes for burnable poison and consequently the inventory of burnable poison
required is reduced.

The formation of fissile plutonium in the pins of depleted uranium (the inner
pins) compensates for the depletion, with irradiation, of U-235 in the outer pins. This
redistribution of fissile material results in power flattening across the fuel bundle and
consequently in an increase in the bundle power limit.

In the studies carried out to date, we have used tailings from uranium enrichment
plants as depleted uranium. (This gives us an opportunity to show that CANDU can make use of
waste from enrichment plants to produce energy). Beside U-238, the tailings in this study had
0.25 wt% U-235 which is 0.011 kg U-235 per bundle.

In Figure 1, we compare the relationship between void reactivity and U-235
content of a CANDU fuel bundle with and without uranium tailings. In this study we have used
a 43-element bundle design. In both cases, the fuel discharge burnup achieved is 22 MWD/kgU
for a CANDU 6 reactor. The graph shows that, on the average, the use of depleted uranium
reduces the initial U-235 content of the fuel bundle by 0.5 wt/% or 0.094 kg per bundle.



The use of depleted uranium, and consequently the lack of fissile material in the
inner eight pins of the 43-element bundle shifts most of the power production to the outer fuel
pins. This tends to reduce the bundle power output when a limit is placed on the maximum
linear heat generation rate (MJJiGR^r However, the formation of fissile plutonium in the
depleted uranium pins results in significant power being produced in these pins. The
contribution to the power output of the depleted fuel pins increases steadily with fuel burnup. In
Figure 2, we show the bundle power output with fuel burnup for an MLHGR of 65 kW/m. The
bundle power vs. burnup operating envelope for a CANDU 6 falls well below this curve.

In summary, the use of depleted uranium in CANDU assists us in making void
reactivity reduction more economical and without penalty in power output. Furthermore, there
is an improvement in uranium utilization due to enhanced plutonium production in the depleted
uranium.

References

1. A.R. Dastur and D.B. Buss, "The Influence of Lattice Structure and Composition on the
Coolant Void Reactivity in CANDU", Proceedings of the 1 lth Annual Conference of the
Canadian Nuclear Society, Toronto, 1990 June.
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Fig. 1 Void Reactivity vs Enrichment
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Fig. 2 BUNDLE POWER vs BURNUP
for MLHGR of 65.0 kW/m

of zero void reactivity bundle

1250
Bundle Power (kW)

0 6 8 10 12 14 16

Fuel Burnup (GWd/teU)

—~— Bundle Power

discharge burnup = 22000MWd/teU
bundle averaged enrichments .76% U-235

no enrichment grading

18 22



TECHNIQUES IN CALCULATING MODERATOR SYSTEM HEAT LOAD AT FULL
POWER AND FOLLOWING REACTOR TRANSIENTS FOR CANDU 6 REACTORS

by
K. Aydogdu

Atomic Energy of Canada Limited
CANDU

Sheridan Park Research Community
Mississauga, Ontario

L5K 1B2

SUMMARY

There are nine components which determine the moderator system heat load
during full power operation and following a reactor power transient An equation was
derived to calculate the transient heat load in the moderator system. The heating
components which contribute to the total moderator heat load at any time consists of:

i. heat generated in calandria tubes, Qi

ii. heat generated in guide tubes and reactivity mechanisms, Q2

iii. heat generated in moderator, Q3

iv. heat generated in reflector, Q4

v. heat transferred from the calandria shell to moderator, Q5

vi. heat transferred from the inner tubesheets to moderator, Qg

vii. heat transfer from fuel channels, Q7

viii.heat loss from piping, Qg

ix. heat gained from moderator pumps, Q9

If there is a power change, then how will the contribution from each of these
components vary with time, can be calculated by knowing the sources of heat
deposition rates and their behaviour during a transient. The sources of radiation in the
heat deposition process can be divided into two categories, viz., a) the neutronic
component,which is directly proportional to power and its is due to neutron energy
absorption, prompt fission gamma absorption and capture gamma absorption, and b)
the fission product decay gamma component which also varies with time after the
initiation of the transient.

Using a lattice cell and bulk shield calculations made by ANISN(1), and
ORIGEN(2), the neutronic and fission product decay gamma components of the total
heat deposition rates in items (i) to (vi) were obtained during reactor operation. The total
heating in these components at time 't' following a reactor transient can be expressed
as follows:

Qi(0 = Qi [fixP(t) + p,xFP(t)]



02(0 = 02 [f2XP(0 + p2xFP(t)]

Cfaft) = Q3 [fsxPd) + p3xFP(t)]

Q4(t) = Q4 [f4XF

Qs(t) = Q5 [f5xP

Qe(t) = Qe [fexP

Q-(t)= Q7

Q8(t) = 08

09(0= 09

"(t) + p4XFP(t)]

'(t) + p5xFP(t)]

(t) + p6XFP(t)]

Summing up those heating components Qi, Q2, Q9 and normalizing it to
gives the moderator heat load Q(t) at time V as shown below.

6 6

Q(t) = Q(0) [ {£?xP(t)} /Q(0)+ (XftxFP(t) }/Q(0) + { Q7+Q8+Q9

where Q(O) is the moderator heat load at 100% FP

P(t) is the neutronic power fraction at time 't".

FP(t) is the ratio of the fission product decay power at time
't' to that of the power at time zero at 100% FP
operations.[This was obtained from ORIGEN and

ANISN calculations as documented in Reference 3.]
fi.Pi are the neutronic and fission product decay gamma

power fractions of heat deposition rates in that componet.

The above expression can be reduced to the following after replacing the values
of terms inside the { } brackets as follows:

Q(t) = Q(0) [ fxP(t) + pxFP(t) + constant ]

Note that the expression for Q(t) assumes that the heat transferred from the fuel
channels (Q7), the heat loss from moderator piping and heat gained from moderator
pumps (Qg and Qg) stayed constant during a transient. Any reductions in this heat load
should be taken into account for start-ups following a long shutdown.

Figure 1 gives the neutronic power fractions P(t) and the fission product power
fractions FP(t) to calculate the heating in each component above and to obtain the total
moderator heat load during an SDS1 trip transient for a typical CANDU 6 reactor.

Other reactor transients considered in the calculations are a start-up following
a short trip and after a long shutdown, a setback and a stepback transient. The paper
provides tha associated parameters of P(t) and FP(t) as a function of time for those
typical transient cases.



During each transient, the fission product decay gamma heating at time "t" due
to previous operations at powers higher than the power at the time being considered
(if significant) was evaluated and included in the above expression. Note that this
component is about zero, if there is an abrupt reduction in power levels following
extended operations at steady state full power, i.e., SDS1 trip or a stepback transient.
In other words, it is assumed that the neutronic power drops to zero instantaneously
at time zero. However, for a setback or any other transient, during which the power
ievel is reduced over a period of time (minutes), the fission products generated during
such a power reduction and the associated additional heating is taken into
consideration.

A small program was written to calculate that component of the heat load using
a given neutronic power shape and fission product decay gamma heating fractions in
that component at specific decay times from ORIGEN.

Calculated heat load at a steady state full power operation for a typical
CANDU 6 reactor was compared with those of available measurements. The
agreement was good between the calculated and measured values.

REFERENCES

1. W.W. <£ngle, Jr., "ANISN - A One—Dimensional Discrete Ordinates Transport
Code with Anisotropic Scattering", Union Carbide Corporation Report: K-1693
(1967 !Vhrch).

2. Bell, M.J., "ORIGEN - The- ORNL isotope Generation and Depletion Code", Oak
Ridge N&ic^il Laboratory Report, ORNL - 4528 (1973 May)

3. A.C. Whituer, D.W. Black, C.R. Boss, "CANDU Channel Decay Power", Atomic Energy
of Canada Limits: Report, AECL-5704 (1977 January)



l(f

10-

S 10'

o

"*

10 I
o

o

"as

i o-9

10"
e

10
- t

Si

a Neutronic
O Fission Products

10"1 l(f ltf id1 io4

Time from Start of SOR Drop (s)

Figure 1 : Normalized Neutronic and Fission Product Decay Gamma
Powers during an SDSl Trip Transient



DESCRIPTION OF PHYSICS DATA FOR CATHENA
SAFETY ANALYSIS OF THE HAPLE-X1O REACTOR

by

P.A. Carlson, R.J. Ellis, H. Mcllvain and E.F. Talbot
AECL Research, Vhiteshell Laboratories

Pinawa, Manitoba, Canada
ROE 1L0

ABSTRACT

The transient safety analysis of the MAPLE-X10 Reactor has been
performed using the thermalhydraulic code CATHENA together with a point
reactor kinetics model vithin CATHENA or a separate tvo-dimensional kinetics
and thermalhydraulics calculation from an additional code called TANK. This
paper summarizes all the sources of reactor physics data supplied to CATHENA
for the transient analysis simulations and discusses the physics methods used
to obtain them and the underlying assumptions.

INTRODUCTION

The CATHENA [1] computer code uses a one-dimensional tvo-fluid
thermalhydraulics model to describe the steam-vater/noncondensable gas flow in
a pipe. CATHENA is a coupled thermalhydraulics-point kinetics code and has
been used to simulate the transient behaviour of the MAPLE-X10 Reactor.
CATHENA requires a great deal of reactor physics data for these simulations.
An extensive reactor physics program has been undertaken to generate this
data. The physics data generated for the initial core and equilibrium isotope
production core is summarized in the paper.

This vork is important for several reasons. The safety reviev and
licensing of the MAPLE-X10 Reactor could not be accomplished without
verifiable transient analysis of postulated loss-of-regulation and loss-of-
core-cooling accident scenerios. As well, the study of such transients is
essential to confirming that reactor components and design vill meet
requirements. The physics contribution to the thermalhydraulics modelling of
these scenerios is crucial to model the scenerios properly. This is
especially so regarding the reactivity feedback calculation in the neutron
kinetics.

First, the paper describes the physics calculation methods used to
generate the required reactor physics input to CATHENA. These methods include
the neutron transport code WIMS-AECL [2] and the reactor diffusion code 3DDT
[3] along with the method of modelling HAPLE-X10 using the two codes. Most of
the physics data is derived directly from results of calculation with these
codes or from data produced by them. An alternate code, MCNP [4J, has been
used for some benchmark comparisons.



The next section of the paper describes the axial power distribution
data, is obtained from 3DDT axial profiles, the radial fuel pin power
distribution, obtained using the Monte Carlo code MCNP. These are needed to
determine the peak ratings of the fuel and the margin to critical heat flux
(CHF).

Following this is a detailed discussion of hov the reactivity
feedback analysis is used in CATHENA. This includes the reactivity
coefficients and how the statistical weighting scheme is used with them to
predict reactivity feedback of fuel temperature, water temperature and water
density. An example is given of a CATHENA simulation showing the impact of
reactivity feedback on a slow loss of regulation transient.

The remaining sections of the paper cover the neutron kinetics
parameters, xenon effects, power deposition, decay heat curves, and finally
the external reactivity devices. Each has an important role in correctly
modelling the physics aspects of the transient analysis of the MAPLE-X10
Reactor with CATHENA.
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THE CONCEPT OF A PASSIVE WATER-COOLED TUBE REACTOR
WITHOUT EMERGENCY CORE COOLING SYSTEM

Soon Heung CHANG and Won-Pil BAEK

Department of Nuclear Engineering, Korea Advanced Institute of Science and Technology
373-1 Kusong-dong, Yusong-gu, Taejon, 305-701, Korea

Tel: 042)829-3816 Fax: 042)829-3810

SUMMARY

A conceptual design work has been performed to remove the ECCS by adopting the
pressure tube reactor concept with innovative- fuel channel design at Center for Advanced
Reactor Research (CARR) in Korea Advanced Institute of Science and Technology (KAIST).

The concept of the proposed reactor is shown in Figures 1 and 2. The reactor core
is composed of a large number of tube type fuel channels dispersed in the moderator pool
in a low-pressure reactor vessel as in the present CANDU. Each fuel channel consists of
a fuel channel tube and a fuel matrix with a radial gap to avoid excessive heat loss to
moderator during normal operation. There are several design options for the fuel matrix in
the aspects of material and geometrical configuration, but two types are considered in this
work as illustrated in Figure 1: (a) the metallic fuel matrix with dispersed coolant holes
(Type-A) and (b) the Zircaloy matrix with dispersed ceramic fuel elements and coolant holes
(Type-B). Attention on the metallic fuel matrix of Type-A is due to its advantages over
Type-B in thermal, nuclear and manufacturing aspects. The selection of Zircaloy matrix for
Type-B is due to its good nuclear and mechanical properties and much available
information.

Figures 2 illustrates the typical configuration of the nuclear steam supply system
(NSSS) admitting that there are many other possible options. Note that special moderator
system is designed to passively transfer the decay heat to the containment atmosphere at
loss of normal moderator cooling.

In normal operation, the fission heat generated in fuel elements is transferred to
coolant and used to generate steam in steam generators as in the present PWRs or
PHWRs. The moderator is cooled through forced circulation. In Type-A, the metallic fuel
matrix temperature is rather uniform and strongly dependent on the gap characteristics
between the fuel and coolant hole tubes. In Type-B, the Zircaloy matrix temperature has
considerable variation according to location, and the maximum occurs near the fuel element
where distance from coolant holes is large.

At loss of coolant cooling including the complete LOCA, however, the decay heat is
transferred to the moderator through the gap between fuel channel tube and fuel matrix.
The fuel matrix temperature is strongly dependent on the heat transfer characteristics of the
gap for both types. The heat transferred to moderator can be transferred to the
containment atmosphere through natural circulation of moderator and opening of safety
valves, and finally cooled by the passive containment cooling system. In case of the loss
of normal moderator cooling, safety valves of the moderator tank will open due to the
pressure build-up in the moderator system by boiling.

Many options are also possible for the reactor coolant system design. For
moderator/coolant materials, D2O / D2O or DaO / H2O options are considered to be the most
promising in consideration of reactor physics characteristics. Reactor orientation, refueling
strategy, arrangement of NSSS equipments are under discussion. Passive containment
concepts proposed in AP600 et al. are directly applicable.



The specific design details would be quite different between power reactors and district
heating reactors. But it has been confirmed by calculation that inherently safe decay heat
removal can be achieved by the moderator system without the ECCS. The proposed
concept is expected to have several advantages over existing or advanced water-cooled
reactors as follows:
a) The safety of reactor can be remarkably improved since no active system is required to

cool the core after LOCA.
b) Selection of the loop-type NSSS maximizes the use of 'proven technology and existing

design of NSSS components.
c) Elimination of the ECCS would make the plant be rather simple, economical, and easy

to design, understand, analyze and operate. Adverse effect due to human error can
also be minimized.

d) Design verification test is expected to be remarkably simple.
e) Change of reactor power is easily achievable-by changing the number of fuel channels

and re-sizing of the coolant loop and the moderator cooling loop.
Extensive optimization studies are required in the aspects of fuel channel, reactor,

moderator system, etc., among which the most important subject is the optimization of fue!
channel design. The fuel channel of Type-A is preferred if high gap conductance between
the metallic fuel and coolant hole tubes comparable to that in PWR fuel rods is
achievable. The available information is very limited for the metallic fuel compared with
ceramic fuel or Zircaloy. Especially the behavior of the large irradiated metallic fuel is
complex and difficult to predict. Therefore much more experimental investigation is required
to finalize the design details of the Type-A fuel channel.

Now efforts are concentrated on the optimization of fuel channel and the design of
the reference NSSS. District heating reactors and power reactors are being studied in
parallel.
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ENHANCED SAFFfY AT COMPETITIVE COST:
THE PROMISE OF PASSIVE

Beaton, J.H., Spiriks. N.J.. Dick, J.E.

AECL CANDU, Sheridan Park Research Community
2251 Speakman Drive, Mississauga, Ontario, Canada, L5K 1P.2

This paper proposes an integrated mix of passive and active systems for
a CANDU 6 reactor that improves the overall reliability of the plant
safety functions, while maintaining a competitive cost. Complementary
active and passive systems are provided for the safe shutdown of the
plant, achieving the required level of redundancy with a diversity of
methods.

The passive systems are either normally operating or activated by the
single repositioning of valves, with no further input required from
control systems or operator action for a minimum period of three days.

A tank on the roof of the containment building stores water to be boiled
off by heat transferred through the steam generator. For hot standby
conditions, steam condenser coils, immersed in the Lank, reeirculate
condensed steam back to the steam generator. A small flow is maintained
through the condenser during normal operation demonstrating that the flow
path Ls continuously available:. For events resulting in depressurization
of steam generator secondary side, the walor from the siorage lank flows
by gravity directly into the steam generator.

For failures in the primary coolant pressure boundary, the water and
pressurized gas tanks of the current Emergency Core Cooling (FCC) System
provide tlie initial high pressure injection of coolant to the core. The
low pressure injection and recirculation phases of emergency core rooljn.u
utilize pumps with heal exchangers.

In the event that the FCC system is not available, the moderator serves
as a backup heat sink, removing decay potvej from the core through a
passive thermosyphon loop. This flow path is used for moderator heat
rejection during normal operation as well, continuously establishing the
availability of the cooling loop. The heart of the passive cooling loop
is the water jacket, forming the wall of the steel containment building.
The h<jnt from the moderator heat exchangers is stored as sensible heat
in tin; annulus. As the water temperature rises heat transfer from the
water jacket through the outer wall to che outside air increases. Fins
mi trie exi.i'j ,-),•(] surface enhance heal transfer from the watet jacket. The
annuius also removes heat from the air inside containment.

The hybrid mix of passive and active -.ys terns provides redundant heat
sinks for accident conditions, with high reliability and at a competitive
overall plant cost.
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SUMMARY

A feasibility study was undertaken to determine if
Pickering B reactors could be uprated to provide extra power
without any major equipment modifications or replacements.
The power uprating for the study phase has been defined as
103% of the normal full power output achieved by changing the
operating flux in the reactor. The power distribution towards
the core periphery is both flattened and increased which
mainly affects the thermal conditions in the reactor.

The paper provides an overview of the key systems and
components reviewed for the uprating parameters. Although the
main focus of this study was to qualify the existing design
and equipment for the uprated power conditions (103% of full
power), the program did make in-depth assessment of the
important safety consideration for jurisdictional approval.

The results of the study phase indicate that the power
uprating of the Pickering B reactors to 103% power is feasible
without any major design changes to the key systems and
components. It is also shown that there are no safety related
impediments to uprating, and that this uprating can be
accomplished with the present safety system equipment. The
study does indicate the need for some additional assessment
for a few highly stressed components before this program is
implemented.



MODERN TURBINE-GENERATORS FOR STANDARDIZED NUCLEAR POWER PLAMT

J.A. Hesketh, BSc, CEng., HIMechE
GEC ALSTHOH Turbine Generators Limited, Rugby Warwickshire

SUMMARY

The general thennodynamic cycle which has evolved for power plant with water
cooled reactors Is presented. Review is made of factors affecting thermal
efficiency, including optimisation of cycle parameters and the use of moisture
.separation and reheat. The established principle of machine design based on a
nodular concept of turbine cylinders is discussed.

The application of standardized Nuclear Steam Supply Systems in different parts
of the world has fundamental implications on the design of the associated
Conventional Island plant. Alternative grid frequencies of 50 and 60 Hz have
to be considered in conjunction with the diverse cooling water conditions and
condenser pressures prevailing at different sites. These effects, coupled with
the different steam flow rates associated with step sizes In reactor models,
have inter-related influence on the choice between 'half and 'full' speed
turbines and on the selection of the low pressure cylinder modules.
Availability of longer last stage bTades affects this consideration.

The current trend towards standardized and compact reactor power blacks requires
a corresponding degree of modularisation of the Conventional Island,
particularly with the turbine generators. By way of example, turbine-generators
appropriate to the CANDU 3 system are reviewed against a potential for worldwide
application.

Application of the principle of maintaining 'single flow' rather than 'double

flow' expansion in the cylinder nodules for improved'performance is described.
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FAST ACTING LIQUID SHUTDOWN SYSTEM
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SUMMARY

Nuclear reactors require protection against situations which

could result in loss of production or severe plant damage.

Protection against plant damage merits careful attention since

radioactive substances- are? involved. The form of protection

depends on reactor type and design, but generally it consists of

a neutron absorbing medium automatically inserted into the

reactor core when unforeseen conditions demand it. The action of

this absorbing medium is to suppress the production of neutrons

in a matter of a second to a level where the resulting power

produced is not significant and damage to the plant is averted.

This paper describes the design, development and testing of

a completely new system of protection that has been adopted for

the standardised Indian PHWRs. The method chosen relies on

injection of a liquid borated compound by gas pressure into

dosed tubes positioned vertically in the reactor core. Design

evolution of this new concept is discussed, together with

development and testing necessary to confirm reliability and

performance? characteristic. Special design and development of

fast acting valves have also been discussed.



DESIGN OF THE INTERNAL GEOMETRY OF AN ADVANCED
CONTAINMENT FOR MITIGATING DEFLAGRATION OVERPRESSURES

M. Carcassi, F. Fineschi
Department of Mechanical and Nuclear Contructions, University of Pisa

via Diotisalvi 2, 56126 Pisa, Italy

In a containment compartment, a deflagration causes an
overpressure that depends on the fluid- and thermo-dynamic conditions
during the flame propagation. The overpressure generates a venting flow
through the communicating compartments, so that the distributions of
temperature, pressure, velocity and chemical composition of the gas
mixture change in the containment, as well as the burning rate and the
pressure transient in every compartment. Becuse venting depends on the
internal geometry of the containment, the deflagration overpressures can be
mitigated with an appropriate design of the containment compartments.
The venting effect is different if the vented gas is burnt or unburnt. This
difference cannot be appreciated with empirical codes, because they consider
a complete mixing of the burnt and unburnt gas in each node during
burning.

University of Pisa started a theoretical and experimental research
program, with the final aim of providing the nuclear containment codes
with a model able to realistically simulate a hydrogen deflagration in a
severe accident and to support an optimized design of the internal geometry
of an advanced safety containment.

The phenomenological code DEVENT has been the first step of the
theoretical study. It simulates a slow deflagration in a partially confined
volume, where the pressure is uniform and a flame front separates the hot
burnt gas from the cold unburnt gas. Unlike other similar models, DEVENT
considers a well mixed burnt gas; this realistic assumption complicates the
thermodynamic analysis but simplifies the modeling of the burnt gas
venting. Mass and energy conservation equations and ideal gas equations
are used to relate the burnt volume to the pressure generated in the
enclosure; burning rate must be evaluated with empirical correlations
obtained on the basis of experimental data.

Hence, 26 vented deflagration tests in a 0.5 m3 cylindrical steel vessel
have been carried out. Pressure transients have been recorded and analyzed
for different locations of the ignition source and for different locations, sizes
and opening pressures of the vent.

Other vented deflagration tests have been carried out in a 0.4 m3

prismatic glass vessel. During burning, the flame shape and the burnt
volume have been visualized with 10 |im NaCl particles (injected as an
aerosol into the vessel), shot with a telecamera and recorded. Mixtures with
different hydrogen concentrations have been used and the vessel has been
vertically (with the ignition source at the top or at the bottom) or horizontally
positioned, to study the natural convection influence.



D20 PRODUCTION BY LASER-INDUCED SELECTIVE MULTIPHOTON DECOMPOSITION (MPD)

By

Robert D. McAlpine, M. Ivanco, and Glenn A. McRae
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Canada

All of the Canadian (and most of the world's) production of heavy water is
done by the GS H2S/H2O exchange process. This process requires both a large
energy investment (36 GJ/ kg D20) and the handling of large quantities of
HZS. The heavy water production of existing GS plants is expected to be
insufficient to meet the demand created by new CANDU reactors, around the
turn of the century. This could provide an opportunity to introduce a new
heavy water process technology. The competing stand-alone heavy processes
include: a new GS plant; a yet to be developed bithermal H20/H2 exchange
process; and a laser-induced process - based on selective multiphoton
decomposition (MPD), currently being researched at Chalk River. In
addition, there are several parasitic methods (i.e. processes coupled to
other industrial processes) of limited production capacity, such as the
well-defined ammonia/H2 process, the Combined Industrial Reformed Catalytic
Exchange (CIRCE) process, and the Combined Electrolysis Catalytic Exchange
(CECE) process. The latter two are nearing pilot plant stage.

The laser-based heavy water process is shown schematically in Fig. 1. Since
bulk chemical sources of deuterium (i.e. water or methane) are not suitable
for MPD directly, a working molecule (WM) is used on which the selective MPD
step is performed. Non-decomposed WM's are redeuterated in a front end
exchange step and fed back into the stream for selective MPD. A suitable
laser source (dependent on the choice of the WM) is tuned in frequency to
be absorbed only by those WM's containing a deuterium atom. Under certain
conditions, only the deuterated species will rapidly absorb the many laser
photons required for decomposition. As a consequence, the MPD products will
be highly enriched in deuterium. Selectivities as high as 10* have been
measured, and even larger values are inferred. Preliminary estimates show
the laser method to be competitive with other stand-alone processes.

Laser methods, for heavy water production, are being researched at Chalk
River. Emphasis is on understanding and optimizing the parameters which
control an efficient and highly selective MPD process. The criteria for
selection of a suitable WM have been defined1, and detailed studies of a
number of candidate molecules have been carried out. These include 1,1,1-
trichloroethane2, t-butyl chloride3, t-butyl bromide4 and t-butyl methyl
ether5, among others. A parametric model of the MPD process has been
developed6 and this is providing essential insight into the design of a
heavy water process. The objective is to select a suitable WM, and a



corresponding laser excitation source, by 1993, and to construct a
laboratory demonstration of a laser-based heavy water process. This
demonstration will be used to obtain sufficient information to design a
pilot plant, for construction in 1995.

The current status of CRL research on the selective MPD process will be
reported. The criteria for selection of suitable candidate WM's will be
outlined, compared with detailed photochemical and exchange studies of
several candidates. The laser requirements will be assessed against both
existing and evolving laser technology.
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Fig. 1 Schematic diagram of the laser process for heavy water production.
The deuterium is exchanged from either water or methane into a suitable
working molecule. A laser is tuned to decompose selectively only those
working molecules containing a deuterium, resulting in products highly
enriched in deuterium. Unreacted working molecules are redeuterated, and
the deuterium enriched products are converted to deuterium enriched water
which is upgraded to reactor-grade heavy water.
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FISSION PRODUCT RELEASE FROM HEU URANIUM-ALUMINUM
ALLOY FUEL IN SLOWPOKE-2 REACTORS

Anne M.C. Harnden, B.J. Lewis, and L.G.I. Bennett

SLOWPOKE-2 Facility and Department of Chemistry and Chemical Engineering,
Royal Military College of Canada, Kingston, Ontario, K7K 5L0

Increasing radiation fields due to a build-up of fission products in the reactor
container water of SLOWPOKE-2 reactors fuelled with highly enriched (HEU)
uranium-aluminide fuel have been observed. While no radiological hazard exists,
the radiation fields around the two oldest reactors have increased to the point that
they interfere with the day-to-day operation of these reactors. It is probable that
this situation will develop with time in the newer reactors since the fission product
release has been attributed to complications in the welding of the end caps to the
fuel pin meat during fuel fabrication1.

The aim of this project is to determine the fission product release mechanism by
measuring the fission product concentrations in both the coolant and in the gas
headspace, i.e., to determine whether the fission product gases are being emitted
directly from an area of exposed fuel, or are diffusing through a crack or other small
defect in the fuel.

Samples of the water and gas in the reactor container at three SLOWPOKE-2
reactors, at the University of Toronto, at the Ecole Polytechnique, and at the
Kanata Isotope Production Facility were examined by gamma spectroscopy methods
to obtain fission product concentrations during approximately 100 hours of reactor
operation at each facility. An analysis of the coolant activity data has identified
direct-fission recoil2 as the dominant release mechanism from the fuel. Based on
mass balance considerations, a model has been developed to predict the build-up of
radioactive noble gases in the coolant with time (see Figure 1).

Since the above three reactors are at various stages of fuel burn-up, the present
study also provides a means to predict how radiation levels will evolve for the newer
reactors.

References

1. M.E. Wise, and R.E. Kay, "Description and Safety Analysis for the
SLOWPOKE-2 Reactor", AECLCPR-26, Rev. 1,1983.

2. B.J. Lewis, "Fission Product Release from Nuclear Fuel by Recoil and
Knockout", J.Nucl. Mater. 148 (1987) 28.
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Figure 1. The increase in the concentration of Xe-135 in the reactor container
water of the SLOWPOKE-2 reactor at the University of Toronto during
approximately 100 hours of operation (© data, • fit).



Assessment of Fuel Defects in Darlington NGS

P.J. Reid, F.C. Iglesias, M.J. Dymarski1, S.T. Lim*
Nuclear Safety Department, Ontario Hydro

Abstract

This paper presents the results of fuel defect analysis performed using data obtained
from measurements of coolant activities from Darlington NGS. The different
methodologies applied to the problem are described and discussed, and the results
obtained from their application are compared to each other. The effect of different
solution techniques on the same theoretical model are shown, with special attention
to robustness of the solution.

The methodologies used allow us to estimate the number of defects, the amount of
tramp uranium and the average defect size by fitting the values of certain model
parameters to match the measured activities.

The portion of the reactor fuel inventory for which successful detection of fuel defects
can be expected is discussed. The general trends of the evolution of fuel defects and
tramp uranium during the operating period of Darlington are presented. Special
emphasis is placed on the period of Darlington Unit 1 operation from August to
November, 1991, and the trends in the number of fuel defects and the tramp uranium
concentration for this unit are shown to be consistent with Ontario Hydro's operating
experience with new reactors.

Darlington Operations, Ontario Hydro



TRANSPORT THEORY EVALUATION OF THE RELEASE OF SHORT-LIVED
FISSION PRODUCTS FROM FUEL GRAINS

H.E. Sills and Y. Liu
IDEA Research
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Toronto. Ontario M5H 2G4

Abstract

The first barrier to the release of fission products from reactor fuel elements is the UO2 matrix.
A proper assessment of the fraction of a particular fission product being released from the fuel grains
is necessary to assess subsequent release mechanisms and pathways. Although the movement of fission
products within the fuel lattice is by a diffusion process, the application of the mathematics of diffusion
theory requires some significant approximations to be made when applied to short-lived fission products.
This paper applies the more rigorous mathematics of transport theory to evaluate the probability of
fission product release from a fuel grain as a function of the fission product diffusion length and the size
of a fuel grain.

Unlike a mobile, stable fission product which must eventually leave the fuel grain in which it is
produced, a short-lived fission product can decay before it escapes. The shorter the fission product half-
life, the more likely it is to decay before escape. The average distance a fission product can travel in
UO2 between birth and decay is termed its mean free path1, </>. Numerically </> is equal to twice
the fission product's diffusion length, r, where r is the square root of the ratio of the fission product's
diffusion coefficient, D, over its decay constant, X, i.e., r = (D/X)1/2.

Diffusion theory does not give an accurate solution within three mean free paths of a boundary.
For example, it is common in reactor physics to use a transport theory correction, the extrapolated
distance, to augment the size of a region in order that diffusion theory can be applied. However, at the
temperatures found in operating fuel elements, mean free paths can easily exceed fuel grain diameters
by several orders of magnitude. To accurately assess the release of short-lived fission products from fuel
grains requires the direct use of transport theory.

If the ratio of a fission product's mean free path to the fuel grain diameter is 0, then it can be
shown that the probability of escape from a spherical grain, p{0], is given by the expression:

p[0] = ( l .50(l-( l+l /0)e 1 / e) - 03(6-(6 + 6 /0+3/0 2 + l /03)e I / e) /2 + e ' / e

For very small values of 0 (i.e., 0 < <1; either very short half-life or low temperature), only
fission products born within a few mean free paths of the grain surface can escape before decaying. For
0 much less than unity, p[0| reduces to 1.50.



Figure 1 illustrates the shape of p[0| as a function of the ratio 0. Note that only the ratio of
the fission product mean free path to fuel grain diameter is required to evaluate p[0], the fractional
release from the fuel grain based on transport theory. Figure 2 illustrates the release fraction of 1-131
from a 10 micron diameter spherical fuel grain using the equation for p[0] along with a typical diffusion
coefficient for thermally activated diffusion given by:

D = 7.6xlO10 e"35O/T

where D is in m2/s and the temperature, T, is in Kelvin.

Also shown on Figure 1 is the escape probability (dashed line) that would be found using
Booth's diffusion theory approximation2 and the escape probability using the transport theory correction
of an extrapolated distance in conjunction with the grain size (open squares).

The implication is that the escape of short-lived fission products is over-estimated using the
diffusion theory approximation2. As such, a larger fraction of short-lived fission products are retained
within the UO2 matrix than is currently estimated.
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Figure 1 The probability of a short-lived fission product escaping from a spherical fuel grain.

The solid line represents the transport theory evaluation of the escape probability. The
dashed line represents the diffusion theory approximation. The open squares represent
the calculated escape probability using diffusion theory plus the transport theory
correction of an extrapolation length.
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SHEATH-PROTECTION MECHANISM AFFORDED BY CAHLOB

by

P.K. Chan', I. Aitchison and G.M. MacGillivray
(Research Scientists)
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SUMMARY

CANDU fuel elements can fail by stress corrosion cracking (SCC) of the
Zircaloy-4 cladding during power ramps. Such failures result from the combined
actions of stress concentrations and corrosive fission products. To combat the
problem the CANLUB graphite coating was developed to reduce the operating
stresses in the cladding below the critical level for SCC. However, it became
evident that the observed beneficial effects of CANLUB coatings on fuel
performance stemmed primarily from the interaction of the coating with fission
products, rather than from lubrication of the fuel-cladding interface.
Therefore the coating must interact with corrosive species, either physically
(as a barrier) or chemically. It was concluded, however, that the graphite
coating is porous and ineffective as a barrier. Hence its effectiveness in
preventing SCC must result from chemical interaction with the corrosive species.

Because of the interest in enhancing the reliability of CANDU reactors and in
using enriched U02 fuel, it is important to understand the chemistry of the
interaction of the graphite in the CANLUB coating with fission products (1). It
was first suggested by the authors that carbon could form compounds such as
Zr6I12C at reactor temperatures, and it was suggested that these compounds could
immobilize corrosive iodine species (2). Unlike iodine and iodides, Zrxl C-type
compounds are relatively stable. Detecting Zrxl C compounds in spent fuel
bundles proved to be very difficult, but X-ray photoelectron spectroscopy (XPS)
has shown that minute quantities of stable metal iodide(s) (probably CsZrxIyC-
type compounds) were present on inter-pellet graphite discs from an irradiated
fuel element (3). This was the first indication that fission-product iodine can
be immobilized through its chemical interaction with CANLUB graphite. This
paper gives an overview of the latest results on CANLUB development.
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EXTENDED BURNUP CANDU® FUEL: A COMPARISON BETWEEN
MEASURED AND PREDICTED FISSION GAS RELEASE USING ELESIM

W.R. Richmond, J.M. Bunge

AECL Research,
Chalk River Laboratories,

Chalk River, Ontario, Canada KOJ 1J0

INTRODUCTION

The outer elements in CANDU® power reactor fuel bundles are typically irradiated
to burnups of approximately 250 MW.h/kg U (10.4 GW.d/t U). Due to operational
requirements, a few fuel bundles have been irradiated for longer periods resulting in
outer element burnups of up to 780 MW.h/kg U. At the NPD reactor, a few bundles
were intentionally irradiated to outer element burnups of up to 850 MW.h/kg U.
Experimental fuel bundles have been irradiated in NRU to outer element burnups as
high as 640 MW.h/kg U.

Interest in the modelling of extended burnup fuel (fuel in which the element burnup
exceeds 300 MW.h/kg U) has been prompted by the examination of extended burnup
fuel from CANDU'11- reactors and the development of higher burnup fuels for the future.

A study was recently done at AECL Research to collate data from extended burnup
irradiations — both experimental and operational. As a first step in the comparison
of measured and predicted results, measured gas release results from Post Irradiation
Examinations (PIE) were compared to predicted gas releases from ELESIM'1 ' . ELESIM

IS a FORTRAN computer program which models the behavior of CANDU fuel under
normal operating conditions. This paper discusses the results of that comparison.

SELECTION OF ELEMENTS

Approximately 160 outer fuel elements were selected from 22 CANDU type fuel bundles
(both experimental and power reactor bundles) with known power histories and
fabrication information. Only outer elements were selected for the comparison, since
outer elements from experimental bundles generally undergo more examination than
the inner elements because of their accessibility.



Our selection was further reduced to 37 elements that all had known power his-
tories, fabrication data, chemical burnup determinations, and measurements of the
fuel element gas volume and composition. It was important to eliminate as much
uncertainty as possible in the ELESIM predictions, especially with regard to the power
histories and burnup. Variations of 5% or 10% in the power history of an element
can make a difference of as much as 25% to 55%, respectively, in the volume of fission
gas release.

SUMMARY OF RESULTS

A comparison was made between predictions from three versions of ELESIM II —
MOD9, MODIO, and MOD10.1 — and the measured gas releases from the selection of
high burnup elements. It was found that there was no statistical difference between
the results of MODlO and MODlO.l. However, on average, gas releases predicted by
MOD9 were 7% lower than the other two versions.

It was found that agreement between measured and predicted results was poor when
experimental bundles experienced a large number of trips or shutdowns during their
irradiation. ELESIM is better suited for fuel performance in power reactor irradiations
where element powers vary gradually over time without sudden power ramps or
shutdowns/startups. Poor agreement was also found in experimental and power
reactor bundles where there was a large power ramp (greater than 20 kW/m) near
the end of the irradiation.

In the experimental bundles, where there had not been large power ramps late in life
or a large number of trips or shutdowns, there was good agreement between measured
gas release and predictions by ELESIM. However, there were no experimental bundles
with burnups above 530 MW.h/kg U and linear power ratings greater than 30 kW/m.
At burnups above 550 MW.h/kg U (except where the linear power rating of the
element was low — 18 kW m) agreement between measured and predicted results
was poor for the power reactor bundles.

Based on fuel elements with stable power histories and linear power ratings above
30 kW/m (16 elements with burnups of 300 to 600 MW.h/kg U and 3 elements with
burnups of 600 to 780 MW.h/kg U), there was reasonable agreement between ELESIM

MODlO.l predicted results and measured fission gas releases for burnups between
300 and 600 MW.h/kg U. Above this range, the measured fission gas releases were as
much as an order of magnitude higher than releases predicted using ELESIM MOD 10.1.
Possible explanations for this discrepancy are discussed in this paper.
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PARTICLE SIZE DISTRIBUTION
OF U3O8 PRODUCED

BY OXIDATION OF FUEL IN AIR AT 300-900° C

Z. Liu, C.E.L. Hunt, D.S. Cox and R.D. Barrand

AECL Research
Chalk River Laboratories

Chalk River, Ontario KOJ 1J0

SUMMARY

When UO2 is oxidized in air at temperatures below 1550°C, the equilibrium
product is U3Og. The transformation of UO2 to U3O8 is accompanied by a 32% volume
increase. The volume expansion results in fragmentation of the UO2 at low
temperatures where U3Og is brittle.1 The resulting particle size may be very fine and
particles might become airborne during some postulated accident scenarios.

The principal objective of this experiment was to investigate the effect of the
oxidation temperature on particle size distribution. Also, since postulated accident
atmospheres are unlikely to be dry, and humidity is known to influence agglomeration
of fine particles, the effect of humidity on the oxidized particle size distribution was
investigated.

The irradiated UO2 samples were obtained by cutting CANDU fuel elements.
Both un-irradiated and irradiated fuel were used to compare the radiation influence.
The samples were isothermally oxidized in air at various temperatures between 300 and
900CC, listed in Table 1. After the oxidation the samples were sieved in different
controlled humidities at room temperature to investigate the effect of humidity on the
particle size distribution. The mesh size of the sieves were 2000, 1000, 500, 250, 125
and 53 ^im. The size distribution of the particles smaller than 53 fim was determined
by a sedimentation technique.

The percentage of the UO2 oxidized was calculated from the weight gain after
the oxidation. The samples were fully oxidized except for the 300°C sample (see Table
2). This sample was exposed to air for 94 hours and was 70% oxidized. If we assume
the particles bigger than 250 fim are still UO2, recalculation from the same weight gain
gives that 99% of UO2 on the smaller size fractions were oxidized, i.e., all the particles
smaller than 250 pm are U3O8.



Figure 1 shows the particle size distribution in 22% relative humidity at 24°C.
The data was obtained from both sieving at 22% relative humidity (for particle sizes
>53 (im) and sedimentation (for particle sizes <53 jan). The figure shows that the
higher the temperature of oxidation, the coarser the U3O8 particles. This is probably
due to an increase in the U3O8 plasticity with increasing temperature, which allows
oxidation induced stresses to be relaxed. When the oxidation temperature was 500°C
and lower, 98% of the particles were smaller than 53 nm, and the median particle size
as measured by sieving and sedimentation technique was about 8 ^m at 300°C.

The relative humidity seems not to affect the particle size distribution
significantly for samples oxidized at 500°C and above. For the finer particles produced
at 300°C, sieving in 98% relative humidity at 24°C produced an increase in the median
particle size to about 100/xm from 8 /*m. This is probably due to agglomeration of fine
particles in the humid condition.

The irradiated samples showed a similar particle distribution to the un-irradiated
ones at the same temperatures as measured by sieving.

This work was funded by the COG program under Work Package No.492.
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Table 1. Oxidation Conditions

Sample Temperature (C) Time (h)

Un-irradiated
Un-irradiated
Un-irradiated
Un-irradiated
Irradiated
Irradiated
Irradiated

900
700
500
300
900
700
500

21
21
5

94
61
40
3

Table 2. Percent of UO2 Oxidized during Oxidation

Sample Temperature (C) % of UO2

Oxidized

Un-irradiated 900 98
Un-irradiated 700 100
Un-irradiated 500 96
Un-irradiated 300 70 (99*)

* Calculated after weight of particles greater
than 250 jim is subtracted.



Lob Test
Sieving at 22* R.H., and sedimentation

Figure 1 Particle size distribution of the un-irradiated samples oxidized at various
temperatures, obtained from sieving (>53 fim) in 22% R.H. at 24°C and
sedimentation (size <53



DISSOLUTION OF UO2 FUEL BY MOLTEN ZIRCALOY-4

P.J. Hayward, I.M. George and M.C. Arneson
Containment Analysis Branch

AECL Research
Whiteshell Laboratories

Pinawa, Manitoba, ROE 1L0

In hypothetical CANDU (CANada Deuterium Uranium) accidents involving a loss
of coolant and impaired emergency core cooling, the ensuing rapid core
heating from radioactive decay and cladding/steam reaction can cause fuel
temperatures to exceed the cladding melting point- Fuel dissolution by
molten Zircaloy may then occur, increasing fission product release.
However, some mitigation of this release is afforded by simultaneous
relocation of molten cladding between fuel elements. Cladding relocation
reduces the melt surface area, thereby lowering the reaction rates with
steam and fuel. The fuel surface area/melt volume (SA/V) ratio directly
controls fuel dissolution kinetics and can also indirectly control the melt
oxygen concentration and U02 saturation solubility.

Dissolution experiments have been performed wherein U02 crucibles
containing cylindrical Zircaloy samples were heated to -2000°C or -2400°C
under argon and held for known times at temperature. The Zircaloy samples
were either initially O-free or O-saturated, the latter being used to
represent steam-oxidized cladding. The specimen dimensions simulated the
fuel/cladding mass ratio and/or the predicted SA/V ratio after relocation.
U02 solubilities as functions of temperature, SA/V and fuel/cladding mass
ratios have been determined from analyses of the melt regions using ICP
spectrometry and from individual melt phase analyses using SEM/EDX.

At 2000°C, the initially O-free Zircaloy becomes rapidly O-saturated, with
simultaneous reduction of the fuel to U02.x. Fuel dissolution then
proceeds until melt saturation occurs at the point where the material-
balance tie line from Zr(O) to U02_x intersects the boundary of the two-
phase [U,Zr)02_x + L] region in the U-Zr-0 phase diagram (Figure 1). The
measured saturation concentration of U02 at 2000°C, expressed as a
U/(U + Zr) wt% ratio, is ~43, in reasonable agreement with the value of -37
predicted from the phase diagram1 and that of -38 found previously2. The
measured U02 concentration at saturation corresponds to -6.6 vol.£ fuel
dissolution, close to the value of 6 vol.% measured by Rosinger et al. at
2000°C using internally heated fuel element simulators.3

At 2350-2400°C with initially O-free Zircaloy, similar rapid O-saturation
of the melt occurs, followed by U02.x dissolution until saturation is
achieved at a U/(U + Zr) vtZ ratio of -78, equivalent to -30.9 vol.* fuel
dissolution. In parallel experiments at ~2370°C using initially 0-
saturated Zircaloy, the measured saturation concentration (U/(U + Zr) vtZ
ratio) was -66, corresponding to -16.9 vol.? fuel dissolution.

It is likely that melt saturation at 2350-2400°C occurs by the same
mechanism as at 2000°C, viz., by U02 dissolution along the material-balance
tie line from Zr(0) to U02.x until the tie-line intersection with the two-
phase [(U,Zr)02.x + L] boundary is reached. In principle, the saturation
compositions from the tests with O-free and O-saturated Zir^aloy should
locate two points on this boundary. However, uncertainties in oxygen
analyses and in the 2400°C U-Zr-0 phase diagram do not make this feasible.



Tentative conclusions from this work, are as follows:

(a) Where rapid cladding relocation occurs, the fuel saturation solubility
will depend on both temperature and melt 0 concentration. The latter
is, in turn, directly dependent on fuel/cladding mass and SA/V ratios.

(b) For slower relocation (e.g., under steam-starved conditions),
dissolution can occur sufficiently rapidly to counteract the
mitigation of fission product release from cladding relocation.

(c) If 0 saturation of the cladding occurs before melting, the fuel
saturation solubility is independent of SA/V and mass ratios; only the
dissolution kinetics are subject to SA/V control.
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Figure 1. U-Zr-0 Phase Diagram at 2000°C (after Ref. 1), showing
(a) saturation composition (C) at the point where the material-
balance tie line from Zr(0) to U02.x (AB) intersects the boundary
of the two-phase region, and (b) tie line CD across two-phase
region.
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LARGE DEFLECITON AND ELASTIC-PLASTIC PIPING STRESS ANALYSIS
OF FEEDER AND FEEDER SUPPORTS USED IN A CANDU REACTOR

by

K. Chaudhry, S.A. Usmani, T. Lee and C.C. Yao

Atomic Energy of Canada Limited
2251 Speakman Drive
Mississasuga, Ontario

Canada L5K 1B2

SUMMARY

The piping stress analysis of the feeder and feeder supports used in a CANDU
reactor is carried out using the finite element method. The combined effect of the
fuel channel thermal and axial creep movement and the feeder body and coolant
weight is considered.

With the large fuel channel pressure tube creep elongation of approximately 6
inches over 30-year life, the behaviour of the feeder and feeder supports falls into
the class of geometric and material non-linearities. The design adequacy of the
linked welded eye-rod mechanism of the feeder support becomes a great
concern. The ordinary small deflection and linear elastic analysis would not give
realistic and acceptable results. Proper analysis of the system must need to
consider large deflection and material strain hardening.

The "large deflection - large rotation but small strain" capability of the finite
element program ANSYS is used to determine the displacements and forces of
the feeder and feeder supports. This is an iterative process in which changes in
geometry are taken into consideration by continuously updating the structure
stiffness as the channel axial movement is increased.

The large deflection elastic analysis is performed for the channel creep movement
from 0.5 inch to 2.5 inches. In addition, the large deflection elastic-plastic analysis
is performed for the channel axial movement larger than 2.75 inches as the lower
eye-rod begins to yield at about 3.0 inches of channel axial movement. The
adequacy of the feeder and feeder supports design is demonstrated.

The non-linear analysis indicates that the axial stress of the eye-rod is
significantly higher than that obtained from conventional linear piping analysis.
The behaviour of the swing mechanism of the eye-rod predicted by the non-linear
analysis is also more appropriate than that predicted by the linear analysis.



SEISMIC OPTIMIZATION APPROACH FOR CANDU
MODULES

R.A. Ricciuti, A. Alizadeh, H. Jaikaran

AECL CANDU
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Mississauga, Ontario, CANADA
L5K 1B2

SUMMARY

The CANDU 3 is the latest generation and the smallest version (450 MWe ) of the
high performance line of CANDU Pressurized Heavy Water Reactor ( PHWR ) systems
developed in CANADA. To meet project objectives of reduced construction schedule and
cost, particular attention towards constructibility has been made in the CANDU 3 design.
Modular construction techniques, developed by the shipbuilding and off-shore oil platform
construction industries are utilized so that a construction schedule of just over three years
can be achieved. A typical reactor building internal module consists of a structural steel
frame containing one or more systems and floor levels that can weigh up to 490 tonnes. The
CANDU 3 modules are easy to build and can be manufactured by various Canadian and
international shops. Each module is completed and inspected before installation at the site.
The modules are installed by use of a very heavy lift (VHL) construction crane through the
open reactor top. Once in place, the modules are fastened to the adjacent concrete internal
structure and base slab (if necessary ) at preselected points.

The seismic design of the steel modules is based on an envelope encompassing
ground accelerations up to .3 g to permit siting at most potential sites without reanalysis.
Conceptual analysis results of the steel modules indicated large seismic response. The
objective of this study is to focus in on a typical CANDU 3 steel module ( RM40 ) and
develop a process to optimize the design and reduce the seismic response of the module to
an acceptable level. The process developed was then repeated for the design of Steel Module
RM21 to obtain a sound seismic design.



The main findings presented in this paper include :

1 ) It was determined that high module seismic response occurs due to the steel
module flexibility. Flexibility is characterised by low frequency vibration modes, which
may be local, and significant lateral sway. Excessive module flexibility is dependent on a
number of factors including lack of connection points to the concrete internal structure,
insufficient use of cross bracing required to diminish the dominant lateral sway mode, use
of inadequate structural sections, and the lack of floor supporting columns and moment
connections in the steel module. As a result, the seismic response of a flexible steel module
can vary significantly from its adjoining concrete structure when the concrete / steel
interaction effects are accounted for.

2 ) A seismically designed modularized CANDU 3 reactor building can be attained
if particular attention is made to eliminate excessive module flexibility.

3) A two phase seismic optimization process is proposed that will quickly ferret out
module deficiencies in the first phase, followed by the second phase where an integrated
steel module / concrete internal structure model is developed that is capable of accounting
for module / concrete structural interaction accurately.

4 ) The module assessment floor response spectra ( FRS ) generated from the
integrated model, after performing the module optimization, are within acceptable levels.

5 ) Benefits of the integrated steel / concrete model include greater accuracy in the
base slab overturning forces and inclusion of the internal concrete torsional mode effects
on the steel modules seismic response.



SLARETTE MARK 2 DELIVERY SYSTEM

D.J. Burnett, B.A.Sc. P.Eng.

AECL-CANDU, Sheridan Park,
Mississauga, Ontario, L5K 1B2

INTRODUCTION

The need to perform a SLAR (Spacer Location and Repositioning)
activity on a limited number of fuel channels/fen a CANDU Reactor
has lead to the development of the SLARette Delivery System. This
had required the freezing of feeders in order to isolate the
channel, a time consuming and undesirable process. A recent design
improvement of incorporating an indexing turret, has enabled
SLARette to be attached to a non-isolated fuel channel, thus
eliminating the need for feeder freezing. This new version has
been termed the SLARette Mark 2 Delivery System.

DESIGN CONSIDERATIONS

A number of design considerations dictated the development path of
the SLARette Mark 2 Delivery System. Major considerations included
the following:

1) System must be able to gain access to a non-isolated fuel
channel.

2) System must be compact and easy to set up and operate to allow
it to be used during station maintenance outages.

3) System will become an extension to the PHT pressure boundary.

4) System be capable to delivering and accurately positioning a
SLAR Tool (1.85 metres long, weight 80 Kg).

5) System must be capable of operating in conjunction with the
standard station fuelling machines.

6) System must be compatible with SLAR Inspection Systems.



DESCRIPTION

The SLARette Mark 2 Delivery System (Figure 1) works in conjunction
with the standard unmodified Fuelling Machines. First the Fuelling
Machines will remove the fuel and shield plugs from the selected
fuel channel. Then the SLARette Delivery System is moved in front
of the fuel channel via a specially designed carriage and platform
which is supported from the Fuelling Machine bridge.

Two operators on the platform will perform the homing onto the end
fitting and the Delivery Machine is securely clamped to the fuel
channel with four mechanical clamps. A special^ designed channel
closure removal tool has been incorporated into the front end of
the Delivery Machine. Manual operation of this Removal Tool allows
the channel closure to be removed from the end fitting, drawn back
and stored in the Delivery Machine. The primary and secondary
turrets of the Delivery Machine are rotated to align the SLAR Tool
and transition tube with the fuel channel. The entire back end of
the Delivery Machine is advanced forward approximately 12 inches
which allows the Transition Tube to enter the end fitting up to the
seal face. The SLAR Tool is now aligned axially and has clear
access into the fuel channel.

The SLARette Delivery Machine has its own integral SLAR Tool
calibration facility to allow calibration of all eddy current and
ultrasonic probes, prior to entering each fuel channel.

The Delivery Machine is capable of moving and positioning the SLAR
Tool in all axial and rotational positions in the fuel channel.
This is accomplished by attaching sectional push tubes to the SLAR
Tool and driving them into the fuel channel via a friction roller
arrangement. The umbilical cable supplying the SLAR Tool passes
through the push tubes.

The SLARette Mark 2 System is modular in design and can be
retrieved from storage, set up, commissioned and operating at a
CANDU station in a relatively short period of time.

APPLICATIONS

An earlier version of the SLARette Delivery System which required
feeder freezit g was manufactured for Embalse NGS in Argentina as
well as Ontario Hydro Bruce NGS. The SLARette System was
successfully used in 1989/90 to perform a SLAR activity on six fuel
channels of Bruce Unit 2.

The first SLARette Mark 2 Delivery System was manufactured under
contract to Point Lepreau NGS in New Brunswick. This system was
used on four fuel channels in April 1991, and is scheduled to be
used again in April 1992.

The SLARette Mark 2 Delivery System has the capability of
delivering and manipulating a variety of inspection probes or tools
into a CANDU fuel channel.
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CONTROL OF CANDU 3 FUEL HANDLING OPERATIONS USING A
DEDICATED DISTRIBUTED CONTROL SYSTEM

D.Arapakota
J.A.Yip

R.Anderson

AECL CANDU
Sheridan Park Research Community

Mississauga, Ontario L5K 1B2

SUMMARY

Existing CANDU 6 Fuel Handling (F/H) systems have all used conventional control
hardware (such as relays, current alarm units, analog controllers etc.) with overall
supervisory control implemented as part of the centralised main plant computer control
system. Even though this system is adequate in meeting the basic control requirements,
it places operational limitations on the optimum control and supervision of the F/H system.
In line with the current design practice at multi-unit CANDU stations such as Bruce and
Darlington, the current concept for control of F/H systems in future CANDU stations is to
have a dedicated computer control system independent of the main plant control system.

This paper describes a generic Control System configuration adopted for the CANDU 3
Fuel Handling System.

The CANDU 3 Fuel Handling System makes extensive use of electrical drives with
brushless dc servo motors for actuating mechanisms. These motors will be controlled by
dedicated single/multi axis closed loop motion controllers. Commercially available
Programmable Logic Controllers (PLC's) will be used to provide motion co-ordination,
sequential control and process control functions. These two types of controllers will be
integrated as a network to provide distributed control functionality and transfer data to the
Display Computer System which will provide operator interface functions. This distributed
control system is de-linked from the main plant control system to provide optimum
operational flexibility.

As part of pilot system evaluation, a commercially available PLC was used for the control
of a fuelling machine in the laboratory test of the CANDU-3 single ended refuelling
concept. Our experience with this PLC control and use of a CASE tool for implementation
of sequential/supervisory Control is highlighted.

This system, in addition to providing the well known advantages of a distributed control
system, can also help in simplifying the implementation of control system software Quality
Assurance requirements.

Even though it is proposed to be implemented on CANDU 3, it is equally applicable to
retrofit scenarios on existing CANDU 6 stations as well as future single unit stations.



A SYSTEMS VIEW OF
CANDU REACTOR RETUBING
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AECL CANDU
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This paper attempts to give the readers an overview of the various systems
involved in the successful implementation of a CANDU reactor retubing
program. The intent of the paper is to stress the importance of adopting a
systems approach to minimize dose and outage duration. The views presented
are based on the author's personal site experience during the retubing of four
CANDU reactors at Ontario Hydro's Pickering "A" station.

Retubing of a CANDU reactor is a complex and immense undertaking requiring the
combined resources and concerted efforts of the owner utility, the reactor designers,
engineering consultants, and numerous component, tool, and equipment
manufacturers.

Complexity of the retube program stems from several factors. The radioactive work
environment demands that the workers perform most tasks while dressed in air
supplied plastic suits to prevent dose "uptake" from airborne contaminants. The work
must be performed within the confines of a shielding cabinet and through sliding
access doors, to protect workers from the radiation beams. The work assignments
must be planned, and custom designed, shielded tooling must be used to ensure
individual worker's quarterly and annual dose limits are not exceeded. The enormous
financial incentives for the owner utility to complete the job in the shortest possible
duration dictates that the retube activities are carried out by shift workers scheduled
to work around the clock in a production driven work environment. On the other
hand, tens of thousands of quality control checks and inspections that must be
performed to ensure reliable operation of the reactor during its post-retube life
favours a quality driven work environment.

Reconciliation of the production and quality related program objectives necessitates
intensive and comprehensive training programs for all retube workers. The conflicts
between the production and quality driven forces coupled with the radioactive work
environment constraints make the creation of a "quality culture" and the adoption
of a well organized, coordinated, and systematic approach essential.



The basic retubing program involves the replacement of 390 (Pickering "A" reactor)
fuel channels. Rehabilitation and upgrading of other plants systems is carried out in
parallel during the retube outage. Pre-outage activities entail system and process
definition, equipment and component design and procurement, and site facilities
preparation. Unit shutdown signals the start of outage activities that include
defuelling of the reactor, decontamination (CANDECON) of the heat transport
system, preparation of reactor vaults, removal of old reactor components, installation
of new replacement fuel channels, and recommissioning of rehabilitated plant
systems. Unit start up marks the end of the retube outage and the beginning of post-
outage activities towards full reactor power.

The complete life cycle of a retube program spans 6-8 years. Typically, the pre-outage
phase requires 4-5 years and the outage and post-outage activities another 2-3 years.
Ontario Hydro began work on the system definition phase of the planned retube
outages on the first two units of its Bruce "A" station in 1989. The first retube outage
at Bruce "A" is scheduled to start in 1994 and is expected to take 2-3 years to
complete. The in-service date for the first two Bruce "A" units was September 1977.
In other words, the retube life cycle for Bruce "A" units 1 and 2 began 12 years after
the in-service date and the retube outage is scheduled to start 17 years after the
in-service date.

Human Resources, Tooling and Equipment, Facilities, Reactor Components,
and Information Management are among the major systems required during a
retube outage. Each of these major systems comprise several subsystems or secondary
systems. Significant interfaces exists among the various systems and among their
subsystems. Lack of careful interface definition and control can lead to inefficiencies,
and ultimately to difficulties in achieving the overall retube program objectives on
safety, quality, schedule, and cost.

Retube human resources system pools the skills and talents of staff from the
utility's design engineering, supply, construction, and operations departments.
Some 300-400 construction tradespersons and 150 engineering and technical staff
participate in the retube site work during the outage. Design engineering and supply
departments stationed at Ontario Hydro's head office have direct or project
management responsibility for system and process definition, equipment and
component design and procurement, and overall program coordination. A significant
portion of the design and procurement work is undertaken by consultants such as
AECL CANDU and GE-Canada under contract to Ontario Hydro. Construction
engineering at site is responsible for tool and equipment testing and integration,
reactor component preparation and quality control, work planning and scheduling,
and cost monitoring. Construction trades carry out majority of the reactor face work
with quality control support from site engineering.



Tooling and equipment system comprises some forty thousand pieces of tools and
equipment required for retubing work. Retube facilities in multi unit stations such
as Pickering include dedicated facilities for equipment decontamination, training and
mock up buildings, offices for retube support stuff, and additional changerooms for
retube workers. Reactor components system comprises all baseline, contingency,
and refurbished components. Retube information management system covers all
documentation and electronic data used during the retube outage. Efficient operation
of retube systems would not be possible without the presence of a complementary
information management system that is well designed and integrated. Several
computerized retube information management systems along with an electronic mail
system are implemented on a local area network.
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SUMMARY

Evaluation of nuclear power plant designs, including the determination of a design basis
accident set, is a process that has been evolutionary. As more experience has been gained
from the design, operation and licensing of established design concepts, the set of accidents
and the range of conditions for evaluation has steadily grown.

Recognition of this evolution has led the Canadian regulatory body, the Atomic Energy
Control Board (AECB), to require for all future plants a systematic review (Reference 1 )
of the plant design. The purpose of this systematic review is to come up with an exhaustive
list of design basis accidents. It also gives the reviewer of the design confidence that a
systematic, auditable process has been used to derive the list. Accident analysis for each of
the events on the list is then used to determine the range of conditions for safe operation of
the plant.

The CANDU 3 is the newest design of CANDU nuclear power station. It provides the
economy of operation of other CANDUs in a smaller unit size (450MW). A key part of the
CANDU 3 design program is a review of the design by the Canadian regulatory prior to the
start of construction. These up front licensing discussions provide the first opportunity for
the AECB and industry to explore what full implementation of the Systematic Review
concept entails. This paper, provides the regulatory background to the Systematic Review,
the review process developed by Atomic Energy of Canada Ltd. for CANDU 3 and the
results of the review. This review process can be applied to any innovative design and
provides a framework for identifying all internal events of safety significance. (External
events are derived through the site investigation process.)



1. SYSTEMATIC PLANT REVIEW DESCRIPTION

This paper aims to provide an insight into the overall CANDU 3 Accident Assessment
Program with a particular emphasis on the identification of design basis accidents. Main
elements of the program are discussed below.

a. Systematic Plant Review for Failure Modes

The objective of the systematic plant review is to identify those abnormal events which
potentially constitute public risk to radiation. The review starts by identifying all
systems that normally contain significant radionuclide inventories. These are the Heat
Transport, the Moderator and the Fuel Handling Systems. Failure of Individual and
multiple components in these systems are reviewed and the failure modes and their
effects listed. As a minimum, the system function impairments considered are: increase
in heat generation, loss of the heat sink, loss of circulation and loss of inventory. The
next step is to identify all interfacing systems and any systems that are physically
adjacent to the system containing radionuclides. Failures in these systems are then
examined to determine if radionuclide release could occur. As a minimum, loss of
system function, loss of flow, loss of pressure boundary integrity and loss of heat sink
are addressed. It should be noted that failure of all support systems such as electrical
power, cooling water, instrument air, HVAC and control systems are included as part of
the review of the interfacing systems.

The result of this process was a list of 274 failure modes that could potentially lead to a
release of radioactivity.

b. Failure Mode Grouping

The Systematic Plant Review process provides an insight into various failure modes of
the systems where the radionuclides normally reside. Subsequently, these failure
modes are reviewed for similarities with a view to group failure modes with similar
plant response (i.e. requiring same mitigating actions) into a single event. This
grouping process allowed the 274 failure modes to be combined into 84 initiating
events. These grouped events are then used as initiating events for the purpose of event
tree analysis.

c. Event Tree Analysis

Detailed event trees are developed to examine the plant response to the initiating
events. These trees identify the systems used to mitigate the events. This is an
important input to the Environmental Qualification and Pipe Whip Assessment
programs. The reliability targets for the mitigating systems are established during this
phase.



d. Safety Analysis Basis Documents (SAB's)

Required analysis cases are defined by the consequence analyst based on the
assumptions made in the event tree work. For example, if the event tree analyst has
assumed that one ECC pump running for six months is sufficient following a loss of
coolant accident, then the consequence analyst must verify that one pump will cool the
fuel and the pump is no longer required after six months. All the analysis cases together
with the analysis methods, assumptions and proposed acceptance criteria are presented
in SAB's. These documents are reviewed by AECB prior to the start of analysis.

e. Consequence Analysis

Having defined the analysis to be done and the way it is to be done, the analyst runs the
cases and documents the results in a safety report for regulatory review. With respect to
the allowable public releases, the analyst uses the limits proposed in Reference 1.

f. Safety Analysis Data List (SADL)

The analyst also documents the data being used in the Safety Analysis Data List
(SADL). This list is checked by the system designers to ensure the accuracy of the data.
One key part of the SADL is the Minimum Allowable Performance Standards (MAPS)
for safety systems. This part is eventually passed on to the plant operations group so
that they know the safe operating limits for the plant.

2. CONCLUSIONS

A systematic plant review of the CANDU 3 design has been completed. This process
identified 84 abnormal initiating events for the purpose of PSA and consequence analysis.
The review was based on a process which is methodical and auditable. Such a review
provides confidence that licensing and risk assessment of the design are well founded.

The overall accident assessment program for the CANDU 3 has been established. Accident
analysis for each of the above 84 initiating events will be carried out to demonstrate that
the public is adequately protected from the consequences of these events. The first step in
the accident analysis process is to develop event trees which probabilistically examine the
effectiveness of the back-up heat sinks and support services for mitigating the accident.
This part of the work is now largely complete. Consequence analysis will be carried out to
verify event tree assumptions, and to calculate releases to the public. The safety analysis
basis documents (SAB's) are being prepared which discuss the requirements and
methodology of consequence analysis.
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DERIVATION OF COMPONENT FAILURE DATA AND TREND ANALYSIS
AT POINT LEPREAU GENERATING STATION

SUMMARY

D.S. MULLIN and T.E. SCHAUBEL

New Brunswick Power Corporation
Point Lepreau Generating Station

P.O. Box 10
Lepreau, New Brunswick

EOG 2H0

Reliability studies have been produced for the Safety-Related
Systems at PLGS using a fault tree analysis technique. Thes,^
studies have been used to determine the optimum test frequencies
for the components of these systems. The failure rates used in
these studies have been obtained from various external sources and
may not be exactly suited for use at a CANDU nuclear plant or at
Point Lepreau. The derivation of site-specific failure data will
reflect more accurately, the actual reliability performance of the
PLGS Safety-Related Systems and may lend to modification of test
intervals.

The paper will be a description of the component failure data
collection and fault assessment techniques, and the VAX/VMS based
Reliability Statistics algorithms which have been implemented at
Point Lepreau Nuclear Generating Station (PLGS). Explanation will
be given to the modularized code structure and data base handling
facilities which permit generation of component failure data and
statistical trend analysis for failure modes. The benefits gained
through an automated generation system will be described as well as
the methodology and procedures necessary to include site-specific
data into computerized reliability models.

To participate in a more integral role in daily plant operations,
a trend analysis package has also been developed. Statistical
analysis of the trends reveals the significance of a component's
performance for the past year and over the lifetime of the plant.
The analytical methods employed in determining significance of the
trends will be detailed.

- 1 -
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PRESSURE OSCILLATIONS IN DARLINGTON NGS
PRIMARY HEAT TRANSPORT SYSTEM DUE TO
TRIPPING OF ONE MAIN CIRCULATING PUMP

D. G. Meranda, A. Despotovic, V. Hera,
J. Rubin, C. Schraeder

ONTARIO HYDRO
700 University Ave. H10

Toronto, Ontario, M5G 1X6

SUMMARY

1. INTRODUCTION

Pressure surge, occurring when one of the main PHT pumps
in Darlington Unit 1 trips, is large enough to result in
opening of the PHT liquid relief valves and trigger a
reactor trip. In order to avoid the reactor trip, lower-
ing the LRV's set point, during the first 10 seconds
following a pump trip was studied.

2. THE PROBLEM

Commissioning tests in Darlington Unit 1 have shown that
ROH pressure spikes when one of the main PHT pumps
tripped. The initial pressure spike, measured in the
station for the trip of one of the East pumps, was high
enough to result in the opening of the PHT relief valves,
when the reactor outlet header pressure is 10.0 MPaa.

3. ANALYSIS

The PHT System in Darlington consists of two heavy water
cooling loops, each having, in series, two pumps, two
steam generators, two inlet and two outlet headers. The
outlet headers on the West side of the reactor are kept
at 10.0 MPaa by the Pressurizer vessel. As a conse-

Tele: (416) 592-2104 Fax: (416) 592-4419



quence, when one of the East pumps is tripped and the
loop flow starts to decrease, both the suction pressure
and the head of the remaining pump will increase to
adjust to the new flow conditions through the loop.
A series of factors, related to process controllers, are
also contributing to pressure instability during the
adjustment period.
Computer simulations were performed using a code tuned to
commissioning results, including the effect of I & C.
Results indicate that at various reactor power levels,
an East PHT pump trip will be followed by opening of the
PHT liquid relief valves and reactor trip.

4. POSSIBLE CONSEQUENCES OF THE PRESSURE SPIKE

According to the design description of the PHT system,
the reactor power should stepback to 65%FP on one PHT
pump trip. A reactor trip is not desirable because of the
economical penalties. Also, the pressure spike is intro-
ducing new stresses, which were not taken into account
when "Pump Trip" service limits were produced.

5. PROPOSED SOLUTIONS

A number of solutions were investigated. The one which
was found to succeed in avoiding the reactor trip under
all conditions, is automatically lowering the PHT relief
valve opening setpoint to 10.2 MPaa, from 10.45 MPaa, on
PHT pump trip signal. As a consequence, the maximum PHT
pressure will be kept under 10.4 MPaa, avoiding a reac-
tor trip. The loss of inventory from the PHT system is
acceptable. The feed pumps will make up the lost invento-
ry within a short period of time.

6.REFERENCES

1. Darlington NGS - Primary Heat Transport Design Manual
2. Darlington NGS - Safety Report

7. LIST OF FIGURES

Figure 1 - East PHT pump trip from 100% FP
Figure 2 - East PHT pump trip from 75% FP
Figure 3 - Pump trip from 75% FP with proposed LRVs

setpoint of 10.2 MPaa
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COMPUTER CODE VERIFICATIONS FOR
PHT PURIFICATION SYSTEM

F. Su and H. Goulding
Nuclear Engineering Department

Ontario Hydro
700 University Ave.(H10A15), Toronto

Ontario, M5G 1X6

The purification system in the Primary Heat Transport (PHT) is
designed for 1.38 MPa(g) and is normally connected to the high
pressure PHT system, which is designed for 11.0 MPa(g). The
boundary of high and low pressure is located immediately
downstream of the Level Control Valves (LCVs). A simple
control scheme has been standardized, for Ontario Hydro Candu
stations, for these LCVs to act as both the bleed condenser
level control and temperature/pressure control for the
purification system.

For normal operating conditions, the two level control valves
reduce the pressure to well below the purification design
pressure (eg. 500 KPa(g)). During certain upset conditions
(eg. Loss of Class IV Power, H.T. Pump Trip, etc.) following
the heat transport relief into the bleed condenser, the LCVs
will open because of high bleed level. Also, the pressure
downstream of LCVs will reach 1.1 MPa(g) causing the
purification bypass valve to open automatically. If the open
bypass valve does not reduce the pressure in the purification
system sufficiently, a relief valve is set to open at 1.31
MPa(g) to protect the purification piping and components. In
practice, the opening of the bypass valve will induce a very
large flow through the bleed cooler and inhibit the
capabilities of the bleed cooler to cooldown the primary
coolant to the desirable temperature. In turn, a temperature
override control loop is set to close the LCVs. This control
action is effectively to protect the purification system from
high pressure and high temperature.

The purpose of this paper is to demonstrate how a hydraulic
computer code (Kentucky code) and the SOPHT (Simulation Of
Primary Heat Transport) code are used to verify the design of
purification system for normal, and upset operating
conditions, respectively. For normal operating conditions, it
is undesirable for the purification bypass valve to be open.
Therefore, a hydraulic analysis as modelled in Fig. 1 was
performed to verify the margins of design (See Fig. 2) of the
purification system under normal plant operations. For upset
conditions, a SOPHT analysis as modelled in Fi-j. 4 can be
performed for the transient conditions (eg. loss of class IV
power, reactor trip, turbine trip and stepback etc.),so that
the LCVs can be closed due to the temperature override loop
(See Fig. 3 for the case of loss of Class IV power). In turn,
the isolation of LCVs can protect the purification system from
high pressure and high temperature. Finally, it is concluded



that the purification relief valve will not open under normal
and upset conditions.
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FIG. 1 : Node - Link Diagram of PHT Purification Circuit [Bruce 'A']
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INTEGRATING CATBENA WITH CANDU PLANT CONTROLLERS

by

D.J. Richards*, R. Girard**
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Vhiteshell Laboratories
PINAVA, Manitoba ROE 1L0

**New Brunswick Power
Point Lepreau Generating Station
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SUMMARY

CATHENA1 is an advanced two-fluid thermalhydraulic code developed
primarily for the analysis of the CANDU reactor during postulated upset and
loss-of-coolant (LOCA) scenarios. A reactor system is modelled using
CATHENA by representing the primary and secondary heat transport loops
through user input data. Reactor components such as pressurizers, pumps,
and valves are modelled in CATHENA, and heat transfer from the fuel, piping
walls, and the steam generators are all simulated. To complete the reactor
idealization, control systems (e.g., inventory control, steam generator
pressure/level control, reactivity/power control) must also be modelled.
Although CATHENA has the ability to model such systems using a simulation-
type language with user-specified input data2, this paper presents an
alternate approach in which existing plant control routines (written in
FORTRAN) can be integrated with CATHENA.

New Brunswick Power has developed detailed control routines,
written in FORTRAN-77 for the SOPHT code3, representing control functions
for the primary and secondary coolant circuits of the Point Lepreau CANDU
600 reactor. Considerable effort and resources have been spent generating
and validating this model, named LEPCON. Rather than translate the
extensive logic employed in LEPCON to CATHENA input, LEPCON routines were
integrated with CATHENA without significant changes to LEPCON or CATHENA.

To accomplish this objective, an interface was designed for the
exchange of information between CATHENA and LEPCON, and a new model
designed for the CATHENA code. This model allows the interface to be
specified through user input data, and provides the necessary linkage
between the two codes. CATHENA performs the thermalhydraulic calculations
for the reactor system, while control of the thermalhydraulic circuits is
specified by the LEPCON control routines. Input to LEPCON are pressures,
temperatures, flows, etc., which are calculated by CATHENA. For example,
to access pressure at inlet header 1, the following input specification is
used: 'PRESS:INHD1'. The control routines use this information to
calculate parameters such as the position of control valves, reactivity



insertion, and heat input to the pressurizer. Again, a flexible input
format is used to specify these parameters. Information is exchanged after
every CATHENA timestep.

Figure 1
The operation of CATHENA/LEPCON is shown schematically in

INTERFACE
CATHENA

thermalhydraulic
information:

(pressures, flows,
etc.)

LEPCON

control of
thermalhydraulic
circuit:
(valve openings,
reactivity insertion,
etc.)

Figure 1: CATHENA/LEPCON Interface

This approach offers an important advantage over generating a "tightly
coupled" combination of CATHENA and LEPCON. Development of each code can
proceed independently without affecting the other. If the tvo codes were
"tightly coupled", then for each new CATHENA version, a new LEPCON version
would have to be generated. Problems could be encountered!

This paper describes the interface generated for the CATHENA/
LEPCON combination, and demonstrates that the integration produces similar
results to the original SOFHT/LEPCON code. The concept of the interface,
and the implementation of a "general interface" in CATHENA allows this
approach to be extended to a number of other applications. Also, since
both codes can execute separately, they could be run on different computers
in a parallel processing mode. This approach is described by McDonald4.

REFERENCES:
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[2] Barclay, F.W. and Richards, D.J., "Thermalhydraulic Modelling of a
CANDU Reactor Including Plant Control Systems Using CATHENA," In
Proceedings of 14th Annual Nuclear Simulation Symposium, Pinawa,
Manitoba, 1988 (Paper 4.6).



SIMULATION OF THE COMBUSTION CHAMBER
OF A H2-O2 THERMAL RECOMBINER

F. Fineschi, M. Bazzichi
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via Diotisalvi 2, 56126 Pisa, Italy

G. Gardano
FIAT-CIEI, Turin, Italy

Thermal recombiners are installed in many nuclear power plants to prevent late
hydrogen deflagrations in the safety containment during a design basis accident (DBA). They
might also be used, alone or with other hydrogen control systems, during a severe accident,
when the hydrogen and steam concentrations may be higher in the containment than during
their operation in a DBA. At present, the capability of the external recombiner designed by
Rockwell International and constructed by FIAT-CIEI is guaranteed by experimental tests for
hydrogen concentrations in air lower than 5% in volume and for steam concentrations lower
than 30% (typical conditions for its operation in a DBA).

Before deciding to evaluate the recombiner capability for higher concentrations with
an expensive experimental program, a theoretical analysis has been carried out to verify
whether results are encouraging or not. A code, called TREE (Thermal Recombiner
Efficiency Evaluation), has been made by the University of Pisa to simulate the steady-state
operation of a combustion chamber similar to the FIAT one.

Three models constitute the code.
1) A model schematizes the chemical kinetics with a non-explosive combustion mechanism

consisting of 13 elementary reactions. It provides the correlation between the local
burning rate and the thermodynamic coordinates in the reaction volume of the
combustion chamber.

2) A model schematizes the reaction volume as a plug-flow reactor where a fraction of the
burnt gas is recirculated to simulate mixing of burnt and unburnt gases. It provides the
distributions of the thermodynamic coordinates in the reaction volume, once the inlet
conditions and the chemical kinetics are known.

3) A fluid-dynamic model verifies if the values of pressure, temperature and gas flow at the
inlet and the outlet of the reaction volume are consistent with the values at the inlet or at
the outlet of the combustion chamber.

Two parameters are not known in the code: the destruction velocity of the radicals at
the wall in the kinetic model and the recirculation degree in the reactor model.

FIAT-CIEI determined a correlation between these two parameters for its recombiner,
on the basis of experimental tests with low hydrogen concentrations (< 5% in vol.) and no
steam. Then, by using the code TREE and an extrapolation procedure proposed by the
University of Pisa, FIAT-CIEI evaluated the global burning rate for a new mixture with 10%
of hydrogen and 50% of steam in thermal and fluid dynamic conditions similar to the
experimental ones. The calculated value for this mixture is higher (0.08 to 0.10 mol/s of
hydrogen) than the highest value (-0.07 mol/s) obtained for the mixtures used in the
experimental tests.

This encouraging result should be confirmed by an experimental program, that
should also verify the recombiner stability in these operation conditions. In fact, the
recirculated plug-flow reactor (that could be unstable in these conditions) is a good model for
determining the equilibrium values of the thermodynamic variables, but it is not sufficient to
evaluate their stability.



THERMALHYDRAULIC TRANSIENT ANALYSES
OF THE SGECS INITIAL INJECTION PERIOD

by B. Phillips, J.Y. Stambolich

Ontario Hydro, 700 University Ave.,
Toronto, Canada. M5G 1X6

SUMMARY

Following a steam/feedwater system failure at Darlington NGS, a short term heat
sink may be required to ensure that fuel decay and HT pump heat are removed
from the HT system before the operator can place a long term heat sink into
service. One such short term heat sink is the Sjeam Generator Emergency
Cooling System (SGECS).

The SGECS is designed to supply relatively cold, pressurized water to the steam
generators following a steam/feedwater accident event. Injection flow is
automatically initiated, via a piping network that is interconnected with the
Reheater Drains Return system piping, the Inter-unit Feedwater Tie system
piping, and the Emergency Service Water system piping, once the steam
generators have depressurized to below 1 MPa(a). Isolation of SGECS from the
other piping systems is provided by non-return valves in the other systems'
piping network, such that SGECS is connected between the non-return valves
and the steam generators. Thus these non-return valves become dead-ends in
the SGECS injection flow path, and potential locations for waterhammer during
an SGECS injection transient

During a steam/feedwater failure event that initiates SGECS injection, the steam
generators will be depressurized and their inventory greatly depleted, such that
they, and the piping network connected to them will be filled with steam.
Therefore injection of the cold SGECS inventory will be into steam-filled
piping, creating the potential for condensation-induced waterhammer within its,
and the interconnected system, piping.

The limiting accident event for SGECS operation is a total loss of feedwater.
In this accident event, the steam generators (SGs) become depleted of liquid
inventory before they depressurize to the SGECS initiation setpoint Once this
occurs, both the SGs and the reheater drains return piping rapidly depressurize
below the SGECS initiation setpoint pressure, to a pressure dictated by the SRV
capacity and the heat input. This event results in the highest pressure difference



between the SGECS tanks and the steam generators/reheat piping at the time of
SGECS injection, and thus the highest injection flow transient.

Analyses of the SGECS injection transient has been performed with the TUF
(Two Unequal Fluids) computer code (Reference 1), a state of the an, systems
thermal-hydraulic code, developed for thermalhydraulic transients where non-
equilibrium conditions are present Specifically, this code includes relationships
that define flow regimes, such that the differences between steam and liquid
phase conditions can be accounted for. In addition, fluid/structure interactions,
ie., piping elasticity/plasticity and the thermal-hydraulic effects on the piping,
are included in the code.

The paper will present the results of the thermal-hydraulic injection transient for
the as-designed system, discussing the effect of piping elasticity and wall heat
on this injection transient, as well as the results of an interim operating system
that has been placed into service.

REFERENCES

1. TUF ENGINEER'S MANUAL: An Advanced Thennal-hydraulics Code For
Candu Reactors. Nuclear Safety Department. January 1991. Ontario Hydro
Report Number 91001.
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THERMALHYDRAULIC AND THERMAL ANALYSIS OF THE CANDU-3 REACTOR
ENDSHIELD FOR A LOSS OF FLOW EVENT

ABSTRACT

Due to neutron and gamma radiation absorption a considerable
amount of heat is deposited in the endshield and the inner
tubesheet regions of the CANDU reactor structure. Under
normal operating conditions this heat is removed by forced
circulation of water within the endshield. In the event of a
loss of forced flow with the reactor operating, the
temperature of the coolant in the endshield will continuously
increase due to sustained heat generation. During this period
it is important to asses the structural integrity of the
reactor due to thermal stresses resulting from temperature
differences within the structure. In addition, operator
action is required before boiling occurs to prevent
subsequent pressure build up (resulting in further stresses)
and decreased effective shielding. The time at which boiling
will occur is a function of the degree of natural
circulation. To determine this issue in term of the
structural integrity of the CANDU 3 reactor for a loss of
flow event, it is therefore necessary to perform a
thermalhydraulic and a thermal analysis prior to undertaking
a stress analysis of the structure.

Powerful software packages are available today to carry out
both of these analyses independently. The thermalhydraulic
analysis is performed using the general purpose fluid-flow
heat-transfer code known as Phoenics. The code has the
ability to perform a 3D transient analysis of the complex
endshield geometry by using body fitted co-ordinates. Two
analyses are performed; a steady state analysis with forced
flow for normal operating conditions, and a transient
analysis for a loss of flow using the steady state solution
as an initial condition. The results of the transient
analysis indicate that there is little natural circulation of
the coolant between the endshield and shield tank. As a
result, it is predicted that the endshield coolant will boil
approximately 5 minutes after a loss of forced flow event.



After determining the velocity and temperature distribution
within the fluid, the heat transfer coefficient between the
tubesheets and the surrounding fluid is calculated. The
thermal analysis is performed using the 3D finite element
code ANSYS. The model of the endshield consists of the
tubesheets, endshield shell and inner endwall shell. In this
model, input parameters and boundary conditions are used to
simulate the transfer of heat by conduction, convection,
radiation and gamma absorption. The temperature distribution
in the endshield obtained from the thermal analysis will be
used for the stress analysis of the reactor structure to meet
structural integrity design requirements. The ANSYS code
selected for the analysis is capable of performing both the
thermal and stress analysis using a single data base. The use
of a common code for both analysis tasks will avoid manual
data transfer and provide higher efficiency of analysis work.
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ASSESSMENT OF SHUTDOWN SYSTEM TRIP PARAMETER
EFFECTIVENESS FOR CANDU REACTORS FOLLOWING

IN-CORE LOSS OF COOLANT ACCIDENTS

A.F. Oliva
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L.J. Watt
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Toronto, Ontario, M5H 2G4

1.0 Introduction

Assessment of shutdown system trip parameter effectiveness is performed as part of the
detailed analysis of postulated in-core loss of coolant accidents. (LOCAs). In-core LOCAs
can arise, for example, from simultaneous failure of a pressure tube/calandria tube, severe
flow blockage of a fuel channel, or as a result of a feeder break which leads to channel
flow stagnation. For most operating states, an in-core LOCA results in a reactor core and
heat transport system response that is nearly identical to that of an out-of-core LOCA
having the same break discharge rate. In particular, reactor power is well-controlled up to
the time of reactor trip, and trip coverage on each shutdown system is provided by
parameters such as heat transport low pressure, heat transport low flow, and/or pressurizer
low level (where applicable). For plant operating states in which the moderator contains
a large amount of soluble neutron poison (e.g., startups), an in-core LOCA can resul! in
a significant insertion of positive reactivity to the system as unpoisoned heat transport (HT)
coolant displaces poisoned moderator. This positive reactivity effect may be compensated
in part if the isotopic purity of the coolant is less than that of the moderator. The reactivity
insertion may result in an increase in reactor power prior to reactor trip, depending upon
the response of the reactor regulating system. The overall analysis comprises detailed
simulations of moderator response, reactor core response (including reactor regulating
system [RRS] behaviour), system thermal hydraulics and fuel behaviour for a wide range
of in-core LOCA scenarios. This paper will address the assessment of trip parameter
effectiveness for in-core LOCAs. Emphasis is placed on the techniques developed to

1



synthesize and extend the results of the detailed analysis over the entire spectrum of plant
operating states. Detailed assessment of reactor core response following in-core LOCAs
is discussed in a companion paper. Results of assessments performed for each of Ontario
Hydro's CANDU reactors are provided together with specific examples of operating limits
and desigi. changes identified to ensure adequate trip coverage.

2.0 Trip Parameter Effectiveness Assessment for In-Core LOCA

Trip paramele; effectiveness assessment is performed to provide assurance that timely
shutdown system intervention will occur over the entire range of possible reactor operating
conditions. For small break LOCA events, trip parameters are considered to be effective
if they preclude fuel sheath failure and ensure fuel channel integrity.

The net rate of positive reactivity insertion following an in-core LOCA, and therefore the
overall system response, will depend on a number of factors including the moderator
poison concentration, the extent to which the HT coolant is less isotopically pure than the
moderator, the initial reactor power level, the break discharge rate and the response of the
RRS. Power increases prior to reactor trip may mask or delay the process trips and
accelerate the time to onset of dryout and subsequent fuel overheating following the break.
On the other hand, power increases will enhance the effectiveness of the neutronic trips.
RRS-induced reactivity device movement due to reactivity changes following the break
may introduce spatial power distortions which can also accelerate the onset of dryout, even
if no bulk power increase is experienced.

For example, in the case of Pickering Nuclear Generating Station B at equilibrium fuelling
conditions, the moderator poison load in the early stages of reactor startup after a long
shutdown can reach 43 mk. In order to maximize the flux distortion due to RRS action,
it is assumed that two mechanical control absorbers remain undamaged after the break.
Trip coverage under these limiting conditions is evaluated as a function of break size,
initial power ievel and the isotopic purity difference between the moderator and the HT
coolant. The results of this assessment are summarized in Figure 1 for shutdown system
number one (SDS1), which indicates the range of conditions over which a particular trip
parameter is effective for the largest (i.e., 230 kg/s) in-core break. At high power levels
and a low isotopic purity difference, only the neutron overpower trip is effective when the
moderator poison load is at its maximum value of 43 mk. The analysis demonstrates that
at least two independent trip parameters are effective under all other operating conditions.

3.0 Operating Restrictions Derived to Ensure Adequate Trip Coverage

As indicated in Figure 1 (top scale) for Pickering B, lower moderator poison loads have
the same effect on trip coverage as higher values of isotopic purity difference. In
particular, for a given value of isotopic purity difference, coverage by at least two
independent trip parameters on each shutdown system can be assured during startup by



avoiding high power operation at high poison concentrations. This is achieved by limiting
reactor power as a function of moderator poison concentration. As the startup process
proceeds and saturating fission product poisons build-in, moderator poison can be removed,
thereby permitting a further reactor power increase. Eventually, sufficient poison is
removed to permit operation at full power. Limits of this type have now been implemented
at all of Ontario Hydro's CANDU reactors with the exception of Darlington NGS, where
the adequacy of trip coverage for in-core LOCAs at high power and high poison
concentration is assured by additional SDSl and SDS2 trips on high moderator level.
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SUMMARY

Bruce NGS: Assessment of Calandria Tube Integrity Following a
Sudden Pressure Tube Failure.

P.S. Kundurpi*, A.P. Muzumdar and F.B.P. Tran
Ontario Hydro, 700 University Avenue

Toronto, Ontario.
(* Author for correspondence)

The issue of calandria tube integrity following a sudden rupture of the pressure tube in
Bruce NGS is addressed in this paper. The main function of the calandria tubes (CT) is to minimize
the heat loss from the primary coolant to the moderator by providing an insulating gas annulus. This
is achieved by circulating dry CO2 gas in the gas annulus system which also acts as a means of
detecting any leaks in the pressure tubes (PT). The CTs are subjected to internal pressure of the gas
annulus and to the external pressure due to moderator during normal operation. However, during
an accident scenario involving pressure tube rupture the CT is subjected to severe pressure and
impact loading. As the economic consequences of a PT rupture are much smaller if the CT survives,
there is an incentive to evaluate the survivability of the CT in detail.

The paper first briefly reviews the operating experience with pressure tubes to evaluate the
types of PT failures that are likely in normal operation. The paper also reviews the various
experimental programs that are investigating the issues concerned with calandria tube integrity.
Based on this review only fish-mouth ruptures are considered to be credible. Based on experimental
observation, the sequence of events following pressure tube failure is delineated into three distinct
stages ie., the initial transient annulus filling stage, the transient over-pressurisation stage and the
final steady state pressurisation following bellows rupture. The paper focuses on the second stage
in which the annulus pressure usually exceeds the header pressure due to a water-hammer type
pressure transient.

A detailed sensitivity study of the thermal-hydraulic response of the fuel channel and the
gas annulus is presented. The computer code MINI-SOPHT1 is employed t. > simulate the response
of the CT. The main parameters considered in the sensitivity analysis are different break lengths,
break location (inlet end, outlet end and break over the whole length of pressure tube), coolant inlet
temperature, feeder resistance, break discharge area, bearing clearances, header pressure, channel
power and channel flow. The results obtained for a number of representative channels is presented.
As the thermal-hydraulic code assumes that all the pressure boundaries are rigid, these pressure
transients are an over estimate. The structural response of the calandria tube to these pressure
transients is evaluated by using the code FSTI2, which accounts for plastic straining of the calandria
tube.

Based on the sensitivity study, the main influence of the various parameters on the transient
water-hammer peak pressure is generalised in terms of the flow rate and coolant subcooling. Inlet



end breaks cause a higher peak pressure due to higher subcooling. Increasing break length or
reducing feeder resistance causes a higher flow in the annulus thus leading to higher peak pressures.
The peak pressure is seen to be not very sensitive to bearing clearances or to the header pressure
within the design range of the parameters. When the CT strain feed back effect is considered, the
pressure peaks are considerably attenuated. Based on these results the calandria tube strength
margins to failure for all break lengths are evaluated and the results will be presented in the paper.
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NEW FLUX DETECTORS FOR CANDU 6 REACTORS

J.M. Cuttler and N. Medak

AECL CANDU
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Mississauga, Ontario, L5K 1B2

Self-powered, in-core detectors are used extensively in CANDU
reactors for spatial control and regional overpower protection.
Progressive degradation of the detectors in the Gentilly 2 and
Point Lepreau reactors led to the decision in 1989 to replace
them. Rather than procure encapsulated, coiled detectors again,
these stations chose to add their requirements to the Pickering B
purchase order for straight individually replaceable (SIR)
detectors. Not only was a cost saving realized due to bulk
ordering, the greater flexibility in locating detectors in SIR
assemblies allowed the SDS1 and SDS2 overpower trips to be
redesigned for better safety "coverage" of abnormal flux shapes,
leading to higher trip setpoints and less restrictive operating
margins.

BACKGROUND

In early 1975, procurement of Bruce NGS A flux detectors was in
progress and design work had begun on CANDU 6 detector systems.
Late changes in the Bruce detector layout resulted in scrapping
of many detectors (1.5 mm MgO-insulated coaxial cables) which had
already been wound on the 9.5 mm carrier tubes. Releasing the
straps, moving detectors to new locations and refastening them
raised concerns about reduced detector reliability due to the
fragility of the emitter/leadwire joint. This drew attention to
other failure modes, such as leadwire breakage, leakage of the
epoxy leadcable seal, corrosion of the 0.18 mm thick leadcable
sheath. While the design life of CANDU 6 stations was 30 years,
there was insufficient long-term data to support an expected
detector lifetime beyond 10 years.

It had been recognized that the in-core detectors were not easily
maintainable, so an installed spare had been provided for each
platinum detector. This would allow reactor operation on detector
failure, without derating, while preparing for replacement of the
assembly during a planned shutdown. Preparation would involve
ordering construction of the specific assembly from spare parts:
detectors, carrier tube, shield plug, seal plate, housing,
connectors, etc. and rehearsing the procedure with the 25 tonne
detector removal flask.



SIR FLUX DETECTOR DESIGN

In March 1975, a new design was conceived that would allow a
replacement detector to be installed without a shutdown. The
detector would be straight and would slide into its own guide or
well tube, instead of being wound on a common carrier tube. It
could be positioned at any location along the tube, based on its
leadcable length, independent of the positions of the other
detectors in the same assembly. The sensitive length would be set
by the region of the core to be monitored, i.e. three lattice
pitches for the control/safety detectors and one lattice pitch
for the flux-mapping ones. The 1.5 mm diameter would have to be
increased to maintain the signal at approximately the same value
due to the reduction in length (from 3.0 to 0.857 m for the
prompt detectors and 1.22 to 0.286 m for the flux-mapping ones).
This would keep the leadcable correction small. The diameter was
set at 3.0 mm, which would allow capsules with up to 12 detectors
each to be installed in the existing assembly guide tubes of the
Bruce A reactors. The emitter for the prompt detector was
specified to be platinum-clad Inconel instead of solid platinum
for reasons of economy, in the belief that the current-generating
process of the platinum emitter was largely a surface effect.

A development program was proposed to confirm the expected
performance of the SIR detectors, identify unforeseen effects and
provide confidence in the design of the assembly. Joint AECL-
Ontario Hydro funding of the program was approved in the autumn
of 1975. Chalk River modified the SIR assembly design prepared by
Sheridan Park to fit the NRU Reactor and tested detectors of
different geometries and materials. A miniature scanning fission
chamber was tested and employed for calibration. Much was learned
about detector performance. For example, the Inconel contribution
to the response of the platinum-clad detector was much greater
than expected. This led to the invention of the Inconel detector.
In general, the SIR detectors were superior in performance to the
original coiled detectors. This was an unexpected bonus in the
program to develop more maintainable detectors.

Following the success of the Chalk River work, a proposal was
approved to install a prototype SIR assembly in Bruce Unit 4.
This was successfully completed in 1978 and led to Ontario Hydro
approving SIR detectors for Bruce B and for Darlington.

DETECTORS FOR CANDU 6 REACTORS

Just as the SIR detector development program was getting started,
extensive failures of vertical detectors occurred in Unit 2 of
Bruce A during the summer of 1976, before reactor startup. The
cause was determined to be pitting corrosion of the leadcable
sheaths, above the moderator. The helium cover gas had not been



maintained continuously after detector installation, due to other
problems. To avoid delaying Unit 2 startup, the upper end of each
vertical detector assembly from Unit 1 was modified to eliminate
crevices and installed in Unit 2. The same was done for Unit 1.
Special care was taken to maintain the helium moderator cover
gas, and these detectors functioned for approximately 8 years.
Progressive failures led to their replacement with SIR detectors.

In December of 1976, a proposal was submitted to enclose the
vertical detector carriers of the other Bruce A reactors in
helium-filled capsules, that would fit inside the existing guide
tubes. This would protect the detectors from corrosion, before
and after reactor startup. This proposal was approved, and the
encapsulated detectors installed in Units 3 and 4 lasted until
they too were replaced by SIR detectors.

When flux detector procurement began for the CANDU 6 reactors,
there were two options - encapsulated coiled or SIR detectors.
The SIR type were significantly more expensive at that time, and
it appeared the encapsulated coiled detectors would last a very
long time. So AECL recommended the latter. These assemblies gave
approximately ten years of service.

The recent decision to install SIR detectors was based on lower
hardv/are and maintenance costs. An additional incentive was the
greater flexibility in locating detectors which, when coupled
with the recent advances in overpower trip design, resulted in
higher trip setpoints for easier reactor operation.



SIMULATION OF A CANDU REACTOR USING A REAL-TIME
ADVANCED REACTOR CORE MODEL
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ABSTRACT

CAE Electronics Ltd., in collaboration with Koclas Logic
System Ltd. has developed a fully dynamic, multi-nodal advanced
reactor core model for real-time simulator. In previous papers
(References 1,2) this advanced core model has been validated by
carrying out a series of static and dynamic benchmark tests, and
by applying the model to a PWR core. In this paper, we present
the model as it is applied to a 600 MW CANDU reactor core.

Up to now, the Modal Analysis method is the only method used
for design (Ref. 3) and for real-time simulation of a CANDU
reactor. In the case of real-time simulation, the Modal Analysis
method has been found inadequate in the reproduction of local
effect when control rods move close to a detector. This short-
coming is caused by the limitation of the number of modes used
in the modal expansion of the Reactor Kinetics equations to at
most 10 modes.

The Advanced Reactor Core model is based on the application
of the Generalized Equivalence Theory (Refs. 4,5) to the solution
of the real-time coarse mesh (a few hundred nodes) diffusion
equation using approximate values for the average nuclear proper-
ties and discontinuity factors. The reconstruction of the detail
of the flux distribution within a coarse node is based on the
knowledge of the nodal average flux and six surface-averaged
fluxes of the node. This technique reproduces a much more accu-
rate flux at the detector locations throughout the reactor core
than that of the real-time Modal Analysis method.

This paper discusses the results of the application of the
Advanced Reactor Core model to the CANDU 600 MW reactor for the
following tests :

- Power Maneuvering
- Reactor Trip and Power Recovery From Trip
- Local effects on flux test
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MULTI-FREQUENCY EDDY CURRENT TEST APPLIED
FOR STEAM GENERATORS OF DAYA BAY UNIT 1
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ABSTRACT:

A multi-frequency eddy current teBter and associated remote control
digital system has been used for pre-service inspection of PWR steam
generators of Daya Bay 1, facing a number of problems imposed by the
utility' 8 critical standards.

In a realistic viewpoint, an explanation is presented on how to
determine multi-frequency configuration, sampling rate, digitizing
rate, probe Bpeed, following the technical requirements of the plant.
In particular, it is pointed out that conflicting factors of over-
exacting technical requirements which can not be justified by gain of
inspection quality, and inspection schedule should be carefully
studied and a trade-off considered.

For the first time in China, such eddy current techniques as manual
digital data analysis (primary means), and computer data screening
(secondary means) and full length expanded tube profilometry are all
implemented for each tube as required. Also provided is an
introduction to ET-relevant data of steam generators installed in
Daya Bay, the tester-specific ET theory and field practice.

It is noted that there would be no success for ET inspection of steam
generators but for the good co-operation between the utility and
contractor, and search for more accurate ET data acquisition and
evaluation is needed since steam generator tube flaws still may cause
unplanned reactor shutdown, undetected by ET inspection as it was
the case in Mihama, Japan.
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SUBCOOLED BOILING DATA
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ABSTRACT

The MAPLE (Multipurpose Applied Physics Lattice Experimental) reactor
developed by AECL Research [1] is a light-water-cooled pool-type reactor.
The reactor is currently being built at AECL's Chalk River Laboratories and
will be used as a dedicated isotope producer. For some postulated upset
conditions in MAPLE, the nonequilibrium effects of subcooled boiling are
predicted to strongly affect the transient behaviour of the reactor. It is
necessary to be able to predict the local subcooled void fraction accurately
to be able to determine the core pressure drop, the flow rate and void
reactivity effects.

There are numerous experimental investigations and some analytical
studies in the literature on subcooled boiling. Most information is
available for pressures higher than those relevant to MAPLE pressure
conditions with the exception of Chatoorgoon et al [2].

The CATHENA two-fluid code [3] was used in the present study to predict
void profiles during subcooled boiling. CATHENA models void generation and
condensation during subcooled boiling. An Onset of Significant Void (OSV)
criterion developed for the MAPLE finned geometry and water conditions was
used as an initial point of net vapour generation in the CATHENA void model.
This criterion was used to determine the interfacial heat flux that
contributes to void generation. The net void generated is the result of two
competing mechanisms, generation and condensation. Two available sources of
experimental data were simulated and compared with CATHENA predictions.
These experiments were performed at AECL's Whiteshell Laboratories and the
University of British Columbia (UBC). The data provide void fractions
measured at a fixed location near the top of the Fuel Element Simulator
(FES) for high flows (AECL) and for low flows (UBC). These data cover
pressure over a range from 100 to 325 kPa, local subcooling from 10 to 70°C
and flov velocity from 0.3 to 6.0 m/s.

The CATHENA void fraction calculations agree reasonably well with the
experimental data on the void profiles and the void fractions as illustrated
in Figures 1 and 2 for a low flow rate experiment and a high flow rate
experiment, respectively.
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PRE-TEST SIMULATIONS OF THE CHAN 28-ELEMENT HIGH-TEMPERATURE
THERMAL-CHEMICAL EXPERIMENT CS28-1 USING CATHENA AND CHAN-II-VL

Q.M. Lei, D.B. Sanderson and H.E. Rosinger
AECL Research - Whiteshell Laboratories

Pinawa, Manitoba, Canada ROE 1L0
(204) 753-2311

SUMMARY

Pre-test simulations have been performed for a CHAN 28-element high-
temperature thermal-chemical experiment using the computer codes CATHENA
and CHAN-II-WL. The ongoing CHAN thermal-chemical experimental program at
AECL-Whiteshell Laboratories provides experimental data on the integrated
thermal-chemical transient behaviour of a CANDU fuel channel with low-
pressure, single-phase steam as the only coolant inside the channel. The
program also furthers our understanding of the behaviour of fuel channels
at high temperatures and their integrity during postulated severe
accidents. The methodology adopted for this program has been to perform
several series of tests, progressing from a single fuel element simulator,
to seven elements, and ultimately to 28-element geometries. The single-
and seven-element series have been completed and reported l. The next
stage in this program is to perform a 28-element experiment. An important
part of these experiments is to perform pre-test simulations to optimize
the experimental input raa.meters.

The computer codes CATHENA and CHAN-II-WL have been used to model the
thermal-chemical behaviour of several CHAN high-temperature fuel channel
experiments as part of the post-test analysis. As a result of the codes'
performance in the above tasks, CATHENA and CHAN-II-WL were used to do
pre-test simulations for the first 28-element experiment.

The 28-element test section consisted of three rings of fuel element
simulators located concentrically inside a Zr-2.5 Nb pressure tube. Each
fuel element simulator consisted of Zr-4 cladding, within which annular
alumina pellets electrically insulated the cladding from a graphite rod
heater. Five Zr~4 spacer plates were placed symmetrically in the heated
zone of the test section to simulate the flow disturbance caused by CANDU
bundle end plates (Figure la). The test section bundle was surrounded by a
Zr-2.5 Nb pressure tube mounted inside a Zr-2 calandria tube. The calandria
tube was surrounded by heated, nonflowing water in an open tank. Figure lb
shows a schematic of the entire test apparatus.

A parametric study was performed using CATHENA to look at effects of
steam flow rates, unheated fuel element simulators, moderator temperatures,
and steam-flow-mixing assumptions on the predicted outcome of the
experiment. The results of this study are presented in this paper with
emphasis on the effects the various steam flow rates are predicted to have
on test section temperatures and hydrogen production rates.

As an example, Figure 2a shows the effect of steam flow rates on the
maximum heat generated by the zirconium/steam reaction for the entire test



section. These maximum values of heat generation increased with increasing
steam flow rates, reaching a maximum at a steam flow rate of 8 g/s, and
then decreasing as the steam flow rates continued to increase. This was
caused by an insufficient steam supply (steam starvation) for steam flow
rates below 8 g/s and increasing steam cooling (heat removal) for steam
flow rates above 8 g/s. Figure 2b shows selected test section temperatures
at four different steam flow rates. The electric power to the test section
(Figure 2c) was turned off for each simulation when the maximum fuel bundle
cladding temperature reached 1700°C to study the predicted energy released
from the zirconium/steam reaction. Continuous temperature increases after
the electric power was turned off indicated self-sustaining of the
zirconium/steam reaction at certain locations in the test section for all
the steam flow rates studied. The self-sustaining reaction only continued
for a relatively short time at a steam flow rate of 15 g/s.

The temperature in the water pool surrounding the Zr-2 calandria tube
was found to have an insignificant effect on test section temperatures. The
maximum predicted cladding temperatures and hydrogen production rates were
similar for the case where 28 fuel element simulators were heated
electrically and the case where the four central fuel element simulators
were not powered. Predictions by CATHENA and CHAN-II-UL followed similar
trends, but differed slightly with the timing of the event and the maximum
test section temperatures achieved.

The work described in this paper was funded by the CANDU Owners Group
(COG).
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SIMULATIONS OF MOLTEN ZIRCALOY/PRESSURE TUBE CONTACT
EXPERIMENTS USING COMPUTER CODES WALLZ5 AND MINI-SMARTT-H

M.H. Choi, M. Bayoumi, P.S. Kundurpi

Ontario Hydro
700 University Avenue

Toronto, Ontario, M5G-1X6

A series of experiments have been conducted at WNRE to study the thermal-mechanical
behaviour of fuel channel when molten zircaloy (Zr-4) flowed onto a ballooned pressure
tube1. By using the data from these experiments, simulations of the transient thermal
response of the molten zircaloy/pressure tube combination were performed using computer
codes WALLZ5 and MINI-SMARTT-II2. These simulation are used to verify and validate
the computer codes.

Each experisTie.t utilized a 1580 mm long section of Zr-2.5 % Nb pressure tube mounted
inside a 1730 mm long Zr-2 calandria tube (Figure 1). The calandria tube was submerged
in heated, non-flowing water in an open tank with at least 400 mm of water covered from
the top surface of the calandria tube throughout the experiment The heater element was a
570 mm long and 38 mm in diameter graphite rod concentrically placed inside the fuel
channel assembly. A tapered hole containing a funnel shaped crucible was machined into
the middle of the rod where it held a Zr-4 ingot. Power to the heater was supplied by a
5000 A D.C. power supply.

Eleven experiments were conducted to date, with various initial conditions .ie, internal
pressure of 1 to 5 MPa, water subcooling of 18 to 26 °C, and Zr-4 melt of 19 to 88 g. In
seven of these experiments, there were small deformations on the calandria tube located
beneath the Zr-4 melt but they did not threaten the integrity of the fuel channel.

Both WALLZ5 and MINI-SMARTT-II codes were developed to analyze the thermal-
mechanical behaviour of the pressure tube and calandria tube due to contact of molten
zircaloy. The WALLZ5 code is a one-dimensional transient heat transfer model which
simulates linear heat transfer from the pressure tube to the calandria tube and into the
moderator. This code has a simpler structure than MINI-SMARTT-II which has a two-
dimensional heat transfer model. MINI-SMARTT-II uses a concentric ring radiation model
with a graded nodal scheme which improves the spatial convergence when a large heat flux
is introduced to a very localized point on the pressure tube.

Typical results from the two codes for TEST 5 are shown in Figure 2. During the initial
molten zircaloy/pressure tube transient heat up phase, the simulated calandria tube
temperature from the two codes show excellent agreement with test results. After the



temperature peaked, only MINI-SMARTT-II was able to predict the rewet transient

Overall the results from six WNRE experiments were used in the simulations. The resulting
comparisons from both codes indicate good agreement with the experiments during the
transients period before rewet. After the channel rewetted, the comparison between
experimental data and MINI-SMARTT-n show good agreement. Although WALLZS does
not include a model for rewetting, it is a much simpler and faster code to use than MINI-
SMARTT-n, and it is well suited to predict peak temperature when only the initial heat up
transient temperature is being investigated.

A full discussion and analysis of the simulation results and comparison with experiments
will be given in the paper.

REFERENCES

1. M.J. Brown, et al, "Molten Zircaloy-4/Ballooned Pressure Tube Interaction
Experiments", Proceeding of the Twelve Annual CNS Conference, Saskatoon, 1991.

2 D.B. Reeves, et al, "Development of the MINI-SMARTT Code for Fuel Element/
Pressure Tube Contact", Proc. I"1 Int. Conf. (CNS) on Simulation Methods in
Nuclear Engineering, Montreal, 1986.

3. D.B. Sanderson, et al, "Experiments to Determine the Thermal-Mechanical Response
When Molten Zircaloy-4 Flows onto a Ballooned Pressure Tube", Proceeding of the
Tenth Annual CNS Conference, Ottawa, 1989.



Gnobite Craciblt -» ftnm. i s * .

b)

Water

^-CataodriaTube
13E

/

-20

Figure 1 : Schematics shown of test apparatus.
a) Axial cross section of test apparatus.
b) Test apparatus cross section centreline.



1200

1000

Calandria Tube Temperature (C)

- * - TEST 5

WALLZ5

MINI-SMARTT-II

0 1 6 7 8 9 10 11 12 13 14 15

Time (s)

Figure 2 : Comparison of calandria tube temperature for TEST 5 using
WALLZ5 and MINI-SMARTT-n.



EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRESSURE TUBE
CIRCUMFERENTIAL TEMPERATURE GRADIENTS DURING SLOW COOLANT BOIL-OFF

Q.M. Lei, M.L. Swanson and H.E. Rosinger
AECL Research - Whiteshell Laboratories

Pinawa, Manitoba, Canada ROE 1L0
(204) 753-2311

SUMMARY

Water in the horizontal fuel channels of a CANDU Pressurized Heavy-
Water reactor may boil off slowly in some postulated Loss-of-Coolant
Accident scenarios. This would expose the upper portion of the fuel bundle
and pressure tube to superheated steam as the water level drops. The
pressure tube would become hot at the top because of thermal radiation and
steam convection while it remained at the saturation temperature below the
liquid level. The resulting pressure-tube circumferential temperature
gradient, which largely depends on the coolant boil-off rate and pressure
tube heatup rate, induces localized thermal stresses and plastic
deformation at the top of the pressure tube. Such conditions may cause
nonuniform pressure tube ballooning and the pressure tube could possibly
rupture before coming into contact with the surrounding calandria tube.

It is therefore essential to study circumferential temperature
distributions around the pressure tube and to use the experimental data to
validate computer codes such as CATHENA and SMARTT. Four series of
experiments have been completed at Whiteshell Laboratories where the
behaviour of pressure tubes subjected to nonuniform heating conditions was
examined. In some of the tests, the pressure tube ruptured because of
local heating caused by failure of the fuel element simulators. However,
in one of the tests (S-l-3) in the boil-off series l, the pressure tube
ruptured without failure of the fuel element simulators. A supplemental
experiment (S-5-1) was conducted to confirm these test results using
similar experimental conditions as in S-l-3 except that improved fuel
element simulators were used.

Figure 1 shows the test apparatus. The 28-element test section
consisted of three rings of fuel element simulators in a Pickering fuel
bundle configuration concentrically located inside a 1.8-m-long Zr-2.5Nb
pressure tube. Each fuel element simulator consisted of Zr-4 cladding
containing annular alumina pellets that electrically insulated the cladding
from a graphite rod heater. The pressure tube was offset inside the Zr-2
calandria tube to simulate a sagged pressure tube in a CANDU fuel channel.
The calandria tube was surrounded by heated water in an open tank.

The channel was filled with water at the beginning of the test and
pressurized to 4 MPa while the water surrounding the calandria tube was
heated to 75°C. The test section was preheated at 5 kW. The experiment
was started when the top of the pressure tube reached the saturation
temperature (250°C). Power of 200 kW, selected on the basis of pre-test
CATHENA simulations, was then applied to the heaters.



The pressure tube temperatures around the complete circumference were
near the saturation temperature at the start of the test (Figure 2a). Once
the full power of 200 kW was applied, the water started to boil off and the
temperature at the top of the pressure tube increased while the bottom of
the pressure tube remained near the saturation temperature. With time, as
more water boiled off, a large circumferential temperature gradient was set
up on the pressure tube. The top portion of the pressure tube strained into
contact with the calandria tube at 715 s and subsequently cooled down.
There was no pressure tube rupture.

This paper describes the latest test (S-5-1) in detail and compares it
to the previous results of test S-l-3. The paper also presents the
pre-test and post-test simulation results and compares them to the
experimental data.

The work described in this paper was funded by the CANDU Owners Group
(COG).
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FURTHER SIMULATION OF THE PRESSURE TUBE CIRCUMFERENTIAL TEMPERATURE
DISTRIBUTION EXPERIMENTS (MAKE-UP WATER EXPERIMENTS)

M. Bayoumi*, W.C. Muir" and P.S. Kundurpi*

* Ontario Hydro, Nuclear Safety Department
700 University Avenue, Toronto, Ontario, M5G-1X6
** IDEA Research International

SUMMARY

Under some postulated accident scenario in a CANDU reactor, some fuel channels may
experience periods of stratified flow in which the top portion of the pressure tube and fuel
elements are exposed to superheated steam while the bottom portion is cooled with water. As a
result, the upper pan heats up and a temperature gradient develops around the circumference of
the pressure tube. This temperature gradient could result in a nonuniform or localized pressure
tube strain which in the limit could lead to failure of the pressure tube prior to contacting the
calandria tube.

The pressure tube circumferential temperature gradient experimental program (PT-DELTA T) has
been ongoing at AECL-WNRE under COG to investigate the potential for pressure tube rupture
during ballooning, prior to contacting the calandria tube, in pressure tubes exposed to stratified
coolant conditions. The mechanism of pressure tube rupture is local wall thinning due tc non-
uniform straining, caused by circumferential temperature gradients in the pressure tube. The
experimental results were also used to validate the computer code SMARTT (Simulation Method
for Azimuthal and Radial Temperature Transients) [1].

The experimental program was designed to simulate different phases of feeder draining ranging
from the early stages to the most severe scenario. Three different distinctive phases of feeder
draining have been identified [2], namely, boil off, steady steaming and steam cooling. In the boil
off stage, the channel experiences a period of sustained liquid biol off and the remaining liquid
in the channel and end-fittings continues to boil away and the extent of fuel element over-heating
progressively increases. In the steady steaming phase which corresponds to the early stages of
feeder draining, the inlet feeder and the inlet end fitting are filled with liquid close to saturation
whereas the outlet header is completely voided with no liquid to counter flow down the outlet
feeder that tends to reduce the established density driving head. A balance is established between
the rate of steam generation and steam venting from the channel and is characterized by
stratified coolant regime. In the steam cooling phase, the liquid level drops below the inlet feeder
connection to the inlet header and is characterized by a steadily decreasing density driving head
as the liquid level in the feeder decreases. In this phase, a declining flow rate of two or single
phase flows from the inlet feeder into the channel is established depending on the header
conditions.

Four experimental series have been completed at WNRE to cover the different ranges of feeder
draining. The boil off phase was simulated by four experiments in the boil off series. The



analysis and simulation of these experiments were reported earlier [3,4]. The make-up water
experimental series was designed to simulate the steady steaming phase of feeder draining. Five
experiment have been completed in this series and the simulation results are reported in this
paper. The steam cooling phase was simulated by two experimental series, namely steam cooling
and variable make-up water to simulate the effect of declining flow rate of two ( steam and
water) or single phase (water) flow into the channel from the inlet feeder, near future.

The objective of this paper is to discuss and compare the simulation results against the
experimental measurements for the five make-up water experiments. The computer code
SMARTT has been used in these simulation. The code has been modified to accommodate the
heater geometry used in the experiments. The thermalhydraulic conditions and the inferred water
level transient from the thermocouple measurements were input to the code.

Typical comparison between the experimental measurements and the code predictions for the
second test of the make-up water series are shown in Figures 1 and 2. Figure 1 shows a
comparison between the measured and predicted pressure tube temperatures at different
circumferential locations at axial ring 3 (close to the inlet of the channel). Figure 2 shows a
comparison between measured and predicted pressure tube circumferential temperature profiles
during the time of pressure tube ballooning (mild contact with calandria tube) at three different
axial locations. The results show good agreement with experiment. A complete analysis and
discussion of the simulation results and comparison with experimental measurements will be
given in the paper.

REFERENCES
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THEORETICAL PREDICTION Of . imJiAiffEILiU'RiiiG J3J&m QMS...
ALONG THE CHANNELS OF CANDU REACTORS

by Carlos H.Borzi, IPQ-CAE-CNEA, Argentina.
Avda del Ljbertador 8250. Capital Federal (1429) Argentina

We propose a methodology for predicting the
positions of the Garter Springs (GS) along the axis of the fuel
channels in CANDU reactors. From the experimental location of
the GS along some channels we shall be able to predict the
localization of the GS along uninspected channels.

For modelling purposes the GS, which separate the
pressure tubes (PT) from the Caiandria tubes (CT) in the core
of CANDU reactors, can be considered as a set of hard rods
confined along a finite one-dimensional space, namely the PT
axis. (More realistic corrections could be afterwards
implemented on top of that simplifiying assumption.)

The simple model system consisting of a fixed
number of hard rods confined to a finite one-dimensional space
is one of the few model systems on which the Statistical
Mechanics Theory can be fully developed [1]; thus we can get
biyective relationships between the different distribution
functions (one particle density, pair and higher correlations)
and the external potential which produces those distributions.
That external potential, whose existence can be ensured in a
Thermalized Ensemble, englobes all interactions between the
hard rods and the rest of the Universe [2].

In these conditions we could investigate
tendencies in the displacements of the GS from their design
positions from the available data about their present
positions. This investigation would pass through the evaluation
and analysis of the efective external potential which produces
the displacements. On the other hand, provided that the
potential is smooth, we shall predict, the more likely positions
and correlations for the GS in the still not investigated
channels on firm physical grounds.

At the present stage, computing codes for the
evaluation of the mentioned variables (external potential and
different distribution functions) have been developed L3]. Ii
is neccesary to have extensive data on measured GS positions to
be processed with the aim of establishing the reliability of
the developed codes and make the eventually necceaary
corrections before further use.

We stress the advantages of this method of
predicting positions for the GS when compared with the
traditional ones [4,5]. The traditional predictions are done on
pure stochastic basis and the conclusions which can be
extracted from them are of a global character. On the other
hand, the new method is based on the existence of the external
potential which contains the Physics of the system and it
allows predictions for individual channels

References:
[1] J.K.Percus J.Stat.Phys. 15(6) :bl)b (1976)
[2] C.Borsi, Internal Reports CNEA, 1990.
C3] C.Borzi, Internal Keport CNEA, 1991.
f4] M.Leger & D.V.Leemans OHRD 86-153 K, 87 i'44-P, 88-3',:b-K.
[5] D.Otero & S.Terlifiky, CCTP24 CNEA-



Bearing-Pad/Pressure-Tube Rupture Experiments

by

R.G. Moyer, D.B. Sanderson
R.V. Tiede and H.E. Rosinger

AECL Research
Vhiteshell Laboratories
Pinava, MB ROE 1L0

Summary

Fuel bundles in a CANDU (CANada Deuterium Uranium) pressurized
heavy-water reactor rest on the inside surface of the horizontal pressure tube
in the fuel channel. These 0.5-ra-long bundles have spacer pads between the
individual fuel pins and bearing pads on the outermost ring of elements
supporting the weight of the bundle in the pressure tube.

During some postulated loss-of-coolant accident scenarios, the
pressure tube can lose liquid coolant within seconds and bundle heatup occurs
in pressurized steam. As the fuel bundle becomes overheated, its bearing pads
may create local hot spots on the pressure tube. The purpose of the present
experimental program is to investigate the effects of this localized heating
at the bearing-pad contact locations and the possibility of these hot spots
causing pressure-tube rupture during ballooning. The results of the
experiments will be used to verify computer codes, such as MINI-SMARTT1 and
CATHENA2, that are capable of mathematically modelling these situations.

The experimental program is divided into two series. The first
series, consisting of four experiments, used steam as the pressurizing medium.
The second series, consisting of five experiments, used simulated steam (gas
mixture of 25JE oxygen and 75Z argon) as the pressurizing medium.

The apparatus consisted of a 1.2-m-long section of Zr-2.5 Nb
pressure tube positioned inside a 1.1-m-long Zr-2 calandria tube (Figure 1).
The annulus between the pressure and calandria tubes was filled with C02 and
the calandria tube was surrounded by heated, non-flowing water in an open
tank. The pressure tube was connected to a blowdown tank through a line
containing a fast-acting ball valve. The blowdown tank was heated for the
Series 1 experiments to maintain pressure after blowdown. For the Series 2
experiments, the ball valve was open and the blowdown tank helped Maintain
test-section pressure during the experiment.

A section through the channel is shown in Figure 2. The fuel
element simulators (FESs) were arranged to represent the outer ring of 16 fuel
elements in a typical 28-element CANDU fuel bundle. The heater filaments for
the FESs were 6-mm-diameter tungsten carbide-coated graphite rods, 1100 •• in
length. High-purity-alumina (A12O3) insulators separated these filaments from
the 15.24-mm-outer-diameter Zr-4 sheaths. The FES sheaths had bearing and
spacer pads in 5 rings located axially along the 1.1-m heated length of the



FES bundle. The bearing pads at the central ring were brazed to the fuel
sheaths so the heat transfer coupling was typical of CANDU fuel. Tungsten
weight cans within the FES bundle provided the same mass per unit length of
CANDU fuel bundles.

The experimental program concentrated on FES powers of 5 or 8 kW/m
and 3- or 6-MPa pressure-tube pressure. At these power and pressure levels,
the pressure-tube temperature directly under the central bottom bearing pad
was typically 10 to 20°C higher than the bulk pressure-tube temperature at the
bearing-pad ring. Interaction between adjacent bearing pads on the heater
bundle tended to smooth out the circumferential temperature gradients on the
pressure tube. During heatup, the pressure-tube temperature increased more
rapidly at the bearing-pad rings than between them, which resulted in greater
axial temperature gradients, in the vicinity of the bottom bearing pads, than
circumferential gradients. The local "hot spots" created by bearing-pad
contact with the bottom of the pressure tube did not result in significant
local pressure-tube wall thinning directly under these bearing pads unless the
pressure-tube bottom was significantly hotter than the top during ballooning.

The new proposed bearing-pad design (T-pad) appeared to have
similar contact conductance values to bearing pads currently used on fuel
bundles. The experiment using a "worn" bearing pad created more of a "hot
spot" than previous tests. This increased conductance did not result in local
thinning of the pressure-tube wall during ballooning.

The paper summarizes the results of experiments completed in this
program. The temperature information obtained from the pressure-tube outside
surface and the side of the bearing pad suggests that the contact conductance
between the bearing pad and the pressure tube was fairly constant throughout
heatup and then decreased during the pressure-tube ballooning stage. This
decrease occurred in all experiments to date and tended to decrease the
pressure-tube gradients during the ballooning phase. An example of the
temperature distribution on the pressure tube in the vicinity of the central
bottom bearing pad is shown in Figure 3. A three-dimensional representation
of the same information is shown in Figure 4.

This experimental program was funded by the CANDU Owners Group (COG).
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CONCRETE CONTAINMENT LEAK TIGHTNESS
AGING TIME HISTORY AND PREVENTIVE METHODS

C. Seni, Specialist, Civil Engineering
Atomic Energy of Canada, AECL-CANDU

N. Garceau, Chef de Section interimaire,
Services et Systemes de Support, Gentilly 2 NPP

Abstract

Canadian licensing practice requires CANDU concrete containments to be periodically
submitted to a 24 hours full size reactor building leak. test.

The measured leak rate at the design accident pressure for each type of reactor has to remain
below specified allowable limits over the station design service life.

The paper presents and comments on the results obtained at a few CANDU stations over the past
10 to 25 years.

Based upon time history graphs produced, prediction of expected leak rates were made for the
future, until the end of station service life of 40 years and beyond, to determine if preventive
measures are required and/or an extension of the design service life is possible.

Investigations performed to determine the source and reasons for the leak rate increase over the
years as well as the leak tightness enhancement methods applied are described.

Also results from the ongoing research for development of new materials engineered to enhance
the leak tightness are presented.

The test program involved 5 different concrete composites (Fibre Reinforced Mortars) using
steel, carbon, polypropylene, glass and kevlar chopped fibres. A second set of tests was
developed for continuous fibres.

The samples were tested for leakage to gases and the effect of accumulated radiation over 100
years service plus LOCA and then compared with plain non irradiated samples.

The change of key mechanical and physical properties of the composite matrix were measured,
graphs developed and an optimization sought.

The research work initiated in 1989 by AECL CANDU and performed jointly with the
University of Toronto, was sponsored by the CANDU Owners Group (COG) in the first phase
and by the Ministry of Colleges and Universities in its second phase.

The research work will end with the development of a commercial application method which
could be used without plant outage and posing no threat to the working personnel or equipment.
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ONTARIO HYDRO'S PROGRAM FOR
ENVIRONMENTAL QUALIFICATION OF IN-SERVICE PLANTS

By

J.A. Blasko, R.P. Lindsay
Ontario Hydro

700 University Avenue
Toronto, Ontario

M5G 1X6

INTRODUCTION

The purpose of Environmental Qualification (EQ) is to demonstrate
that essential safety-related equipment required to mitigate the
consequences of a design-basis accident will perform as intended
when exposed to the harsh environmental conditions of the accident
at any time during the station life. Ontario Hydro has undertaken
to review the environmental qualification of the Bruce and
Pickering stations. It is intended that this program will verify
the qualification of equipment and make upgrades where necessary.
International EQ experience and current research findings will be
incorporated. The impact of aging on component life will be
established. Component change out schedules will be determined
where qualified life is shorter than plant life.

The seismic qualification of equipment is not being addressed as
part of this EQ program. Current operational feedback and recent
research findings indicate that equipment aging does not degrade
seismic capability.

Environmental Qualification is an important factor in plant life
assurance. Environmental Qualification primarily addresses the
failure of non-metallic safety related components subjected to
accident environmental conditions and must be combined with other
programs in order to achieve plant life assurance.

STATUS

A pilot project and definition phase study for the Environmental
Qualification Program were completed in 1990 and 1991. The main
portion of the Program is being submitted to the Ontario Hydro
Board of Directors for approval in late 1991.



METHODOLOGY

A comprehensive methodology has been adopted to determine the
requirements for qualification, the method of establishing
qualification and the changes necessary to assure long term
qualification will be maintained. The purpose of the methodology is
to ensure that the end product is complete and verifiable.
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CONCLUSIONS

The initial work on the Environmental Qualification Program has
identified several areas for improvement in both equipment and
human performance. It is Ontario Hydro's goal to take advantage of
this potential to achieve the optimum in safety and economy from
the in-service nuclear facilities.



PROCUREMENT STRATEGY FOR
ENVIRONMENTALLY QUALIFIED MATERIAL

by

W. Seidl, P.V. Castaldo, D. Smith
Ontario Hydro

700 University Avenue
Toronto, Ontario

M5G 1X6

INTRODUCTION

Environmental Qualification (EQ) is the process of demonstrating
that essential safety-related equipment required to mitigate the
consequences of a design-basis accident will perform as intended
when exposed to the harsh environmental conditions of the accident
at any time during the station life.

Existing EQ programs without an integrated procurement effort
failed to maintain equipment qualification and lead to costly
rework. Degradation of environmental qualification has occurred at
many operating nuclear stations as a result of changes to
manufacturing processes, the reduction in the number of suppliers
and substitution of installed devices. Therefore, a special
material management system which ensures the use of properly
qualified devices and spare parts is essential in providing
adequate maintenance of environmental qualification of safety
related components. A key element of this system is the procurement
strategy.

STATUS

A formal EQ program has been undertaken at Darlington NGS and is
nearly complete. We are presently instituting a formal program for
the remaining stations (Bruce and Pickering NGS). As part of this
program, changes are also being implemented to the procurement
process in order to ensure that the environmental qualification of
the components is retained for the remaining station life.



METHODOLOGY

The main elements of the strategy are identification of suitable
suppliers, provisions for adequate product quality assurance and
the acceptance of "model number attribution".

"Model number attribution" assumes that the qualities inherent to
a single device can be attributed to other devices made by the same
company and having the same model number. Thus, if tests or
analysis are used to environmentally qualify a device then other
"identical" devices can be qualified also. An important aspect of
"model number attribution" is establishing the extent to which
information supplied by vendors and manufacturers can be relied on.

The selection of potential suppliers, in addition to evaluating the
stability of the business enterprise, will include consideration of
the following.
1. Control, management and traceability of materials, etc. and
documentation of same.
2. Material change control and documentation of same.
3. Design change control and documentation of same.
4. Extent to which vendor's control programs are extended to sub-
tier suppliers and documentation of same.

CONCLUSIONS

The procurement strategy is one element of the overall material
management system and will ensure that qualified materials will be
supplied. To retain qualification, it is also necessary to install
the appropriate materials where required. The process to do this
has not been described, but it would encompass items such as Stock
Code Numbers, separate storage, special issue control, etc.



SERVICE QUALIFICATION:
THE IMPACT ON HUMAN PERFORMANCE REQUIREMENTS
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by
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INTRODUCTION:

The magnitude and duration of implementing service qualification in sixteen in-service nuclear
generating units will involve the efforts of some 4000 individuals over the life of the program.
The cooperation among various organization units is essential to ensure success. In the analysis
of this undertaking it was determined that a significant performance gap existed between current
and required levels of skills, knowledge, and attitudes.

STATUS:

For each of these groups the capability gap and, hence, the amount and the type of training
required was different. It was determined that, in order to eliminate this capability gap, a
number of initiatives would be required, including organizational change strategies, procedural
changes, team-building, and training. To address these requirements, a performance engineering
approach was taken. See Figure 1.

Figure 1: The Performance Analysis Model
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IMPLEMENTATION.

While recognizing that system and
performance issues must be considered in
any issue analysis, this paper focuses on the
human performance factors, including the
attitudinaland skills/knowledge components,
which are appropriately addressed through
training. As part of this effort, existing
training was reviewed for applicability. It
was recognized that, for CANDU
applications, training materials developed in
the United States for EQ would not meet the
needs of Canadian units without significant
modification. Therefore, a complete needs
analysis was carried out to identify the
specific training required for CANDU
systems, and for the existing Canadian
regulatory environment.

EVALUATION

STRATEGY:

A team was created to identify the requirements, procedures, roles and responsibilities, etc.,
together with the training required for implementation of the EQ Program. Please see Figure 2.



Figure 2: The EO Team Members of the team provided the subject
matter expertise required to identify the
specific training objectives that would be
required for other members of their own
unit, interfacing units, or external groups.
This resulted in the development of a multi-
media training course, tailored to the
specific needs of each work group or 'target
population'. The training curriculum was
based on recognized instructional design
principles and was developed using accepted
industry standards: (INPO 85-006), Ontario
Hydro policy 113, and ASME standards.
Because of the importance of tracking
training requirements and participant
completion, a strategy was designed to
manage training records, thereby helping to
identify gaps in individuals' skills,
knowledge and attitudes and assisting in
auditing processes.

The modules specified during analysis, and the training developed are as follows:

Module 1A: In-Service Nuclear Generating Stations Environmental Qualification Video
IB: Introduction to Environmental Qualification - Practice and Principles
1C: Introduction to Environmental Qualification - Methodology

Module 2: Material Properties
Module 3: Test Methodology
Module 4: Equipment Installation and Mounting Requirements
Module 5: Existing Reports on Equipment Deficiencies or Qualifications
Module 6: Walkdowns
Module 7: Environmental Qualification Documentation
Module 8: Environmental Qualification Maintenance
Module 9: Procurement and Control of Spare Parts Inventory
Module 10: Quality Assurance Procedures
Module 11: Environmental Qualification Drafting

The strategies used to deliver and evaluate the training modules include video, participative
lecture, mock-ups and simulations, text with self-scored assignments, technology-based training
(computer based, CD-ROM), together with criterion-referenced objective mastery testing of each
module.

CONCLUSION:

1. That a specific training program must be designed for each of the target groups who have
involvement in the EQ process.

2. That training must be implemented and individual performance measured according to
specified and approved procedures.

3. That training is required for certain external contractors, vendors, etc. who impact EQ.



MAIN STEAM LINE NON-LINEAR DYNAMIC ANALYSIS OF PIPE WHIP

M. Attab, S. Baset, W. Ajam

EACL CANDU
1155, rue Metcalfe

Montreal (Quebec) Canada
H3B 2V6

The combined rupture of a pipe containing high energy fluid and its subsequent deflection
and rotation under the large blowdown force of the jet is known as pipe whip and is a phe-
nomenon which should be studied for a CANDU 600 nuclear power plant. This whipping
motion has the potential to damage the neighboring structures such as pipes, roofs, concrete
walls and equipment. Since the nature of the steam line pipe whip behavior is not known, it is
assumed that the whipping of the pipe following pipe failure in the Turbine Building (T/B)
will initiate more breaks in the line at different locations. This study is intended to analyze the
whole steam line from the postulated break location to the boiler nozzle in the Reactor
Building (R/B). It will provide the pipe whip loads on the steam line and header supports.
The pipe supports undergoing the most severe conditions will be determined and strength-
ened and/or combined with additional pipe whip restraints to the steam lines.

The finite element models are based on the layout illustrated in Figure 1. The blowdown
forces are calculated using the procedure provided in ANSI/ANS-58.2-1980. The high
magnitude and dynamic nature of this force require a non linear dynamic analysis to account
for several non-linearities due to extensive yielding and large displacements and strains. For
this purpose, the non-linear finite element MARC code is selected. The Newmark-Beta
method(with 3=1/2 and a=l/4) is used for the direct time integration. The pre- and post-
processing finite element MENTAT code is employed for modelling the steam line and eval-
uating the analysis results. Three break locations are postulated in the study. They are se-
lected to produce the most significant amount of deformation of the whipping pipe due to
bending, twisting and buckling loading. All of the breaks are guillotine breaks and are
assumed to occur in the T.B. The FORCEDT user subroutine in MARC was used to model
the thrust force as a force in the axial direction of the severed pipe. The VSPRNG was also
used to introduce limits on the load capacities of pipe supports.

The analysis showed that the thrust force will cause immediate yielding following the pos-
tulated breaks. The plastic deformation of the steam line will occur at higher strains than the
permissible material strain; furthermore, analysis results indicate that if a second break were
to occur, it would not be a guillotine type break. The deformed cross sectional area of the
broken pipe is expected to be less than the initial break area of the line, which leads to a
reduction of the thrust load.
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STRUCTURAL DESIGN OF LARGE VERTICAL
SPENT FUEL DRY STORAGE MODULE

W. Ajam, A. Khan, A. Alizadeh, H. Tran, B. Canas Calderon

EACL CANDU
1155 Metcalfe Street

Montreal, Quebec, Canada
H3B 2V6

The CANSTOR module is designed to contain high burnup, long cooled fuel. The module is
a rectangular reinforced concrete structure approximately 24 feet in width, 67 feet in length
and 21 feet in height. The main cooling process of the CANSTOR module is by air convec-
tion through the structure. A total of 20 air inlets and 10 large air outlets provide the heat
dissipation by natural convection (see Figure 1.0). Shielding walls are provided in front of
each air inlet at the bottom of the module. Shielding for the air outlets located in the module
walls near the top is provided by heavy carbon steel plates with a resin neutron shield lin-
ning, offsetted to allow free passage of air. The air inlets and outlets are made as labyrinths
to avoid primary and secondary gamma shines. Durability is also a desisn requirement of the
CANSTOR.

The soil under the structure is modelled by using spring constants for an equivalent lumped
system. An envelope of three soil condition properties are used; they are soft, medium and
hard soil properties. For sliding effect due to the temperature and shrinkage, two cases of
free and fixed bases are considered in the dynamic and static analysis and structural design of
the CANSTOR module. Cube solid elements are used in the finite element model of the
concrete structure. The temperature differentials on the structure are due to the difference
between the ambient temperature, the temperature arising from the waste material and the
temperature of concrete at placing. These thermal loads are combined with static, seismic,
creep and shrinkage loads in the structural design of the CANSTOR module.

The Design Basis Earthquake (DBE) is represented by a ground response spectrum com-
patible with CSA Standard CAN3-N289.3; the design peak ground acceleration and velocity
are equal to 0.3g and 365.8 mm/s respectively. Response spectrum method of STARDYNE
computer code is used in all analyses.

The methodology selected produces adequate design. The results from the various structural
analyses are used to bound the static and dynamic loads in the design. The CANSTOR
module is a compact, cost-effective and secure facility well suited to the storage of spent
fuel.



Figure 1.0

ELEVATION VIEU OF CANSTOR MODULE
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Application of Risk-Based Value-Impact Analysis
in a Nuclear Regulatory Environment

Keith Dinnie, Ontario Hydro

Ronald Land, Pennsylvania State University

Mark Stella, Advisory Committee on Reactor Safeguards, USNRC

Value-impact analysis is a structured, quantitative process in which the costs
and benefits of a proposed course of action are compared to evaluate the
potential for achieving a net beneficial result for the expenditure of resources
required to complete the course of action. In Canada and the United States,
value-impact analyses are used to support regulatory body and utility decision-
making in a variety of ways.

The application of value-impact analysis by utilities and by regulatory bodies
is affected by the differing motivations of each type of organization. For
example, regulatory impact assessments seek to evaluate the benefits l-o society,
and to identify the most cost effective and least intrusive of available
alternatives for required regulatory actions. On the other hand, utility use of
value-impact analysis seeks to balance the costs and contributions of economic
performance-related actions, self-initiated plant and process improvements, and
those actions required or strongly suggested by the regulators.

Nuclear power plant safety regulation is concerned principally with limiting the
public risk arising from potential releases of moderate to large amounts of
radioactive materials to the environment, as a result of the occurrence of
infrequent events. In the mid-1970s, the U. S. Nuclear Regulatory Commission
(NRC) supported the development of methods for performing probabilistic risk
assessments - PRAs - also known as probabilistic safety evaluations. PRAs were
to be used to obtain an improved understanding of the actual public safety risk
associated with the operation of nuclear power plants, through the development
of a means to generate quantitative estimates of this risk. In the very near
future every operating U.S. and Canadian nuclear power plant will have a plant-
specific PRA or probabilistic safety evaluation available for use in determining
the public safety risk impacts of proposed changes to the design or operation of
the plant.

A number of methods have been proposed for using risk information from nuclear
power plant PRAs in the assessment of safety-related design modifications and
changes in plant operating and maintenance practices. When information derived
from reactor PRAs is combined with other types of data to evaluate the benefits
and costs of proposed changes to design or operations, the assessment process is
called risk-based value-impact analysis.

Difficulties Encountered in Performing Risk-Based Value-Impact Analysis

There are a number of recognized difficulties affecting the efficient application
of value-impact analysis in the nuclear power industry. These difficulties may
be categorized as follows:

o inherent difficulties - those associated with the formulation of the
value-impact analysis methodology; and

o contextual difficulties - those arising directly from the context
(i.e., the decision-making environment) in which the process is
being applied, and which are caused principally by the different
motivations of the parties involved in or affected by decisions
being made.



Each type of difficulty is explored in this paper, reflecting the authors'
personal experiences in developing, evaluating, and assisting in the application
of risk-based value-impact analyses in the Canadian and U.S. nuclear power
industries.

Inherent Difficulties

In the development of risk-based value-impact analysis methods, a number of
difficult issues arise. For example, the process of identifying both the
beneficial and the detrimental effects of a proposed modification to nuclear
plant design or operations is not often an easy nor an especially straightforward
one. The proper assessment of safety-related effects demands consideration of
the value derived from measurable, predictable changes (change in fuel
utilization, for example) as well as from anticipated changes (such as reduction
in accident probability) that cannot in principle be measured or predicted.

Risk-based value-impact analyses must deal properly with the financial aspects
of value assessment, because the costs of implementing proposed changes will
impose actual resource requirements upon the affected organizations. Measurable
changes in plant performance typically have well-defined monetary values, and
established accounting methods can be used to determine their present worth and
lifetime value. Methods for treating the value of anticipated changes to safety
performance (risk) are not similarly well-established.

It is also necessary to value both predictable and non-predictable changes in a
way that permits their legitimate (that is, mathematically and economically
valid) comparison for the purpose of determining the net change in benefit
associated with any proposed physical modification or operational change. How
this can be accomplished consistently and acceptably is an issue that has been,
and continues to be, much debated. The paper investigates some of the approaches
that have been proposed for valuation and value aggregation, and considers their
weaknesses and strengths. Questions such as "What is the value of reduced
radiation exposure?", "Should exposure of nuclear workers to radiation be valued
differently from exposures to the general public?", and "How should potential
environmental damage due to replacement power generation by fossil fueled plants
or hydroelectric plants be valued in comparison to nuclear-generated power?" must
be addressed in the development of methods for value-impact analysis.

One fundamental philosophical issue that must be considered is the fact that the
use of value-impact analysis normally implies the acceptance of a strictly
utilitarian philosophy. This approach may be seen as being in conflict with the
political and cultural milieux of the western democracies, which tend to
emphasize the concerns of the individual over that of the group. A related
problem is the general reluctance to express the "value of a life" in financial
terms, as must be done (either explicitly or imolicitly) for nuclear plant risk-
based value-impact assessments.

Analyses that compare safety-related and non-safety-related benefits and
detriments raise other difficult questions. A common view of safety-related
changes holds that there \s a spectrum of risks that must be addressed. At one
end are the obviously unacceptable risks that must be avoided, and performance
above this minimum level must be demonstrated at all costs. In the parlance of
the USNRC, this is the level of "adequate protection". At the other end of the
spectrum are insignificant risks that can and should be ignored. Between these
two limits lies the area of risks that can obviously be addressed by risk-based
value-impact analyses. However, there is little consensus either about the risk
levels that define the limits of the spectrum, nor about how value should be
assigned to changes in risk between these two limits. Associated with this
problem is also the tendency to confuse the concepts of hazard and risk. There
is some justification for considering a consequence-weighted approach to
characterizing nuclear safety impacts in value-impact analyses, because of the
size of the potential hazard involved with major reactor accidents.



Contextual Difficulties

Value-impact analysis is most effectively used by a single
competent decision maker having a well-defined and completely understood set of
objectives, whose decisions can be implemented directly without the approval or
concurrence of any other party. This ideal situation is rarely, if ever,
attained, even within a single organization such as a nuclear utility. In a
situation where there are a number of parties contributing to and affected by
decisions, the use of value-impact analysis becomes even more difficult due to
external concerns that are imposed on the decision-making domain as a result of
the motivations of the separate parties involved.

Dual regulation of nuclear power plants is common for almost all nuclear
utilities in the United States and Canada. While nuclear safety is regulated
primarily at the federal level, most other facets of utility operation, including
its economic aspects, are regulated by state or provincial agencies whose major
concern is the prudence of utility operation. Moreover, the standards for
judging prudence are based on the effects of utility and plant operation on
ratepayers, on regional economics, on the local political environment and
occasionally on the specific socio-political objectives of local leaders. As
might well be expected under these circumstances, safety and prudence
requirements imposed by the various regulatory agencies can be and sometimes are
inconsistent.

In the multi-party regulatory situation, differences in motivation and the
existence of a number of significant difficulties may create substantial
barriers to the implementation of decisions that are based on the results of
value-impact assessments. These barriers have certainly affected nuclear
industry decision making. A few examples follow.

Formal regulatory analyses (that may include both qualitative and quantitative
elements) must be performed by the USNRC staff for each proposed rule change and
significant generic action. A stylized value-impact analysis methodology has
been developed to support quantitative assessments of the safety impact of
proposed regulatory actions. No such detailed requirement to apply this type of
analysis is imposed on Canadian regulators, but a more general requirement is
contained in the Regulatory Reform Policy, Guiding Principle #5, which states:

"Regulation entails social and economic costs and the government
will evaluate these costs to ensure that benefits clearly exceed
costs before proceeding with new regulatory proposals."

The application of risk information in regulatory decision-making is complicated
in the United States by the existence of a body of nuclear safety regulation that
is essentially deterministic rather than probabilistic in nature, and which is
based on legal rather than operational definitions of "adequate protection" and
"substantial safety improvements." Many, if not most, of these regulations were
developed prior to the availability of methodsfor quantitatively assessing the
risk associated with nuclear plant operation. Consequently, their effectiveness
in the reduction of public safety risk is much less obvious than if they were
based directly on the results of quantitative risk evaluations.

Deterministic regulations have been supplemented over the years by a number of
regulations and policy statements intended to introduce risk-related decision-
making into the regulatory process. The principal NRC issuances in this vein are
the Severe Accident Policy, the Safety Goal Policy, the Backfit Rule, and the
Maintenance Rule. These more recently promulgated rules and policies have
created a degree of tension in the regulatory decision-making process, because
there can often be differences ("disconnects") between the very clear
requirements of the older deterministic regulations and the results of
quantitative risk assessments performed to assess the same proposed regulatory
action.



Regulatory initiatives anticipating the use of risk-based value-impact analyses
by utilities have from time to time been proposed by the NRC staff. These
initiatives (for example, the Integrated Safety Assessment Program - ISAP)
sometimes represented an effort to obtain greater utility participation in the
development and application of the results of plant-specific PRAs. The
initiatives have not been successful, and a study of their case histories will
provide substantial information on the types of contextual difficulties that have
beset past attempts to apply risk-based value-impact assessment methods in
nuclear industry decision support.

The paper explores a number of issues that can arise from attempts to reconcile
the application of deterministic regulations and risk-based safety requirements
within a multi-party regulatory environment. The major constraints on the use
of risk-based value-impact analysis methods resulting from multi-party regulation
of nuclear power plants are identified. Where useful, comparisons between
practices in the United States, Canada, and other countries are made.

Resolving Difficulties With the Use of Risk-Based Value-Impact Analysis

The broader acceptance of risk-based value-impact analysis provides, at least in
principle, a means of relating most of the key regulatory and prudence concerns
associated with the operation of nuclear power plants. It may also serve as a
means for clarifying the relationship between deterministic regulations that
limit design or operation of nuclear facilities, and the actual safety benefits
that may be derivable from adherence to these regulations. This paper surveys
some of the problems currently affecting the use of risk-based value-impact
analysis in nuclear industry decision-making, and makes recommendations about
possible means to improve the prospects for its effective use.



A FRAMEWORK FOR DEFINING THE FUNCTIONAL ROLE OF ANNUNCIATION

K.Q. Guo and E.C. Davey
AECL Research, Chalk River Laboratories

Chalk River, Ontario, Canada KOJ 1J0
and

S. A. Russomanno and J.R.P. Popovic
AECL CANDU

A framework for defining the functional role of annunciation has been developed to assist in
the re-examination of annunciation in CANDU plants. This framework provides a new
approach to address annunciation issues and can be used as a basis to improve existing
annunciation systems or the design of new ones.

Operations staff in a nuclear power plant must assimilate and understand large amounts of
information to control the plant safely and effectively. Over the past twenty-five years, the
amount of information annunciated to operations staff has increased significantly and is due to
three factors:

the increased size and complexity of newer power plants,

- the application of computer-based technologies that have increased the capabilities
for data acquisition, processing and presentation, and

the continued use of annunciation implementations that rely on annunciating the
change in status of individual sensors, components and equipment.

While the amount of annunciated information has grown, the understanding of how to process
and present this information to plant staff to best fit operational needs has not kept pace. This
can result in a "flood" of annunciation messages during plant upsets with the consequence mat
it is difficult to identify the few annunciation messages of most importance for the situation.
These important annunciation messages are difficult to identify because they are mixed in with
and not differentiated from many more messages of less immediate relevance.

The need for improving nuclear plant annunciation has been well recognized both
internationally and within Canada for many years.1-2 A review of methods and techniques
developed by international utilities and research organizations has shown that some techniques
have proven useful to address specific annunciation issues.3 However, before these
techniques are introduced into field applications, it is necessary to examine the overall needs
of the operations staff because it is possible mat improvement in one aspect may deteriorate
another. The challenge is how to integrate both proven and new techniques to build an
effective annunciation system that couples human intelligence and machine power to maximize
overall performance.

Discussions with operations and design staff and findings from the review have identified the
importance of returning to the basics to determine what role annunciation should play to best
support plant operations. This will require examining annunciation from a broad operational
context with a strong user perspective.



To assist in the re-examination of annunciation, a framework has been developed based on
literature reviews and discussions between system design, operations, and human factors
staff. The framework contains four elements that provide a structure for representing the role,
and approaches for determining each element for given applications. With this framework,
the functional role of annunciation can be determined through application of the following four
steps:

(1) Definition of function statements that specify the annunciation activities through
which the objectives of operational tasks are achieved. This can be accomplished
by identifying the tasks that must be performed by operations st;:tf and that
involve the use of annunciation.

(2) Determination of degree of support that specifies how much machine support
should be provided to users for operational tasks. Determination of this element
for a given task is based on an identification of the perceptual and cognitive task
demands and a comparison of the relative performance capabilities of humans and
machines to satisfy them.

(3) Determination of information content that specifies the category of information to
be conveyed to users through human-machine interfaces in support of operational
tasks. A two dimensional information space developed by Rasmussen can be
used to classify plant information by content categories.4

(4) Determination of form of information that specifies the way the information is
conveyed to users through human-machine interfaces for operational tasks. The
form of information is determined from an examination of the information
processing and decision-making behaviours used by users in performing
operational tasks.5

This paper will describe in detail the four elements of the role and the criteria and process used
to define them. Examples of using this framework will also be presented in the context of
using this approach for improving annunciation.
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FOR THE POINT LEPREAU SPECIAL SAFETY SYSTEMS
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SUMMARY

1.0 INTRODUCTION

New Brunswick Power is reviewing each special safety system at the
Point Lepreau Nuclear Generating Station, to insure that the capability
and reliability of each system is maintained. The objective is to
review the existing design in detail and to compare it with the
assumptions used in the current Safety Analysis. The Emergency Core
Cooling System has been chosen as the first system for detailed review
by a multi-disciplinary team.

Previous attempts to correlate design and analysis started from a list
of analysis assumptions. The designers were then polled for
concurrence. In many cases the assumptions represented code inputs
having no physical correspondence to the installed equipment.

The present study systematically examined every component of the ECC
system and its function. The Safety Analysis models were checked for
consistency. A number of significant safety related issues were
identified in both the analysis and the ECC system itself.

2.0 OBJECTIVE

Our objectives were:

• To compile a set of requirements to show:

- that the safety analysis is compatible with the existing system;

that the station is being operated in accordance with the
information contained in the Safety Report and Operating Licence.

• To identify deficiencies in existing system analytical models and
provide a basis for constructing new models, when required.

• To document system requirements as an aid to the System Engineer in
making decisions on the operation and maintenance of the system.

• To provide a database for input to the formulation of an impairments



DETERMINATION OF ALLOWABLE OPERATING ENVELOPE (cont'd)

manual and the upgrading of other documentation such as the design
manuals, the operating manuals, and the test frequency studies.

3.0 METHODOLOGY

The ECC Process and Control Systems were reviewed by a core team of
specialists, systematically following the process flow and the logic
flow, respectively. All components were considered, but only those
components having a specific safety-related function were fully
developed. The purpose, function and specification of each component
or subsystem were documented in separate a) Process and
b) Instrumentation and Control Information Reports. These IR's were
subjected to a detailed peer review in meetings with the system
analyst, and the system engineer, as well as specialists in the areas
of impairments, equipment qualification, and test frequency studies.

In particular, the Safety Analysis was reviewed to confirm that the
equipment models and system functions were consistent with the
equipment installed and the actual system operation. LOCA analysis and
other analyses such as water hammer and containment transients were
considered. Significant issues were uncovered that had not been
discovered by previous methods.

The major findings and discrepancies, identified during the peer review
meetings, were tracked in a separate Problems and Issues List. Those
deemed to have an impact on safe operation were acted upon immediately.
Many were resolved at the working group level. Some were referred to
NB Power management for longer term action.

4.0 BENEFITS

The benefits were:

• For Analysts:
- declaration of implicit assumptions;
- improved understanding of equipment being modelled;

improved understanding of functional operation;
- improved code and plant model (eg: two tanks, non-condensibles,

AMADs, instrumentation uncertainty, input of actual field values).

• For Operators, Maintainers and System Engineers:
- heightened awareness of accident analysis assumptions, (part of

an on-going program);
- specification of items which should be monitored;
- establishment of requirements for replacement of components;
- improved understanding of the allowable plant operational

envelope.

• For the Station as a Whole:
- reduction of avoidable impairments;

improved auditability of safety analysis;
- improved communications between safety analysts and system

operators.
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The purpose of a Human Factors Engineering Program Plan (HFEPP) is to
define, at a level appropriate to the project concerned, the extent of the
required program in human factors. It defines human factors-related activities
in every stage of station design and sets requirements for documenting these
activities. A HFEPP can apply to any project, whether it be a new design,
retrofit, an operational change to an existing plant or any other significant
undertaking.

The HFEPP concept originated in military systems design and is a relatively
well established approach in that domain. There is a growing awareness now
in the power industry, both within Canada and abroad, of the potential for
human performance improvements through the HFEPP. A systematic approach
to the incorporation of human factors data and design practice will help
address a number of design issues where humans are involved. For example:
reducing information overload during plant transients, enhancing maintenance
of difficult to access equipment, a problem often exacerbated by protective
clothing and the integration of new technology such as soft, VDU-based
control, with its potential benefits and drawbacks.

There is ample evidence of the scope for improvements from several sources:
for example, the decline in the worker safety records, and the recurring
recommendations from external reviews such as the recent Hare Commission
and OSART (and others before them). There is also increasing emphasis on
human performance by the Atomic Energy Control Board (AECB), who are
presently developing a policy statement on human factors that is expected in
the public domain in the near future.

Internationally there have been several developments that point to the need
for systematic incorporation of human factors in power plant design. For
example: IEC 964 (Design for control rooms of nuclear power plants), IEEE 1023
(Guide for the application of human factors engineering to systems, equipment
and facilities of nuclear generating stations), EPRI 4350 (Human engineering
design guidelines for maintainability). These documents vary in the degree to
which requirements are prescribed, but the general message is the same -
develop a program for the systematic and timely inclusion of human factors,
and document it.

The external documents are providing an impetus and useful direction for the
integration of human factors within our designs. However, we have found that
they have various shortcomings in meeting the unique requirements of
particular projects such as CANDU 3. For example IEEE 1023 lays down a valid
general design philosophy but does not provide detailed guidance about



design methodology. IEC 964 does provide quite detailed methodology
recommendations, but prescribes a very extensive and costly plant function
analysis which is predicated on the assumption that the control system design
is a totally new one, rather than one which inherits a great deal of proven
technology, functionality and architecture from earlier, operationally proven
CANDU designs. Because of such considerations we have found that more
detailed human factors engineering guidance, tailored to the particular needs
of particular projects, is necessary for cost-effective implementation.

To help encourage a Canadian power industry standard approach, a "generic"
HFEPP is being jointly developed by Ontario Hydro and AECL CANDU, partly
under the auspices of the CANDU Owners Group (COG). This should greatly
facilitate the licensing process , and is also in accordance with the recent
direction given by the Federal Minister of Energy to promote close
collaboration within the nuclear industry. An overview description of the
generic plan is contained in Beattie & Malcolm [1].

Practical aspects of applying the HFEPP concept to new CANDU plant designs
are illustrated by the CANDU 3 experience. In that project, the HFEPP concept
is being applied across the plant, but with some practical restrictions. One of
these restrictions stems from the fact that the development of a CANDU 3
human factors program began well after the start of design (several years).
As a result, human user aspects of the initial plant design were based,
following traditional design practice, on the judgement and experience of the
designers and on various design reviews which included experienced utility
operations personnel as reviewers. This was augmented by new three
dimensional CADDS modelling of plant and equipment layouts, which facilitates
visualization of space and accessibility for service and maintenance. A
maintenance assessment review of the civil engineering design augmented the
review of space allocations. Further reviews are planned for later stages of
design and commissioning.

In the case of CANDU 3 control centres, the design work is being done
relatively late in the project, making it possible to incorporate human factors
more formally into the design process. Control centre development was initially
supported by a link analysis of personnel traffic patterns. This was done to
assess the merits of various locations within the overall site plan. Following
this decision, a conceptual room layout was completed. This required the
mapping of basic plant functions to operator work stations in the control
centres.

Further work on the CANDU 3 control centre design will proceed under the
guidance of a CANDU 3 project-specific human factors plan. Under this plan,
attention to operator tasks in the control centres will be addressed in several
ways. This will include: (a) a review of task allocations (i.e. whether tasks have
been automated or given to the operator), (b) task analysis supported by
operations feedback to guide the panel and CRT human-machine interface
design, (c) use of a full-scale, quasi-dynamic mockup of the main control
centre for evaluation of selected operator interfaces (e.g. annunciation system)
and, finally, (d) full procedure development and evaluation in a full-scale
simulator by utility personnel, supported by AECL CANDU.

While human factors attention is given to all systems, recognition is given to
the evolutionary nature of the human/machine interface design relative to



earlier, operationally proven CANDU designs. Hence the principal focus is on
those areas of the design which have been found in the past to be
operationally limiting, or which are affected by plant design changes or
advances in interface technology.

In summary, recent new international standards and guidelines, and growing
awareness of the importance of systematic treatment of human factors have
motivated the introduction of the HFEPP concept in CANDU design. The CANDU
3 experience has indicated that special attention to project-specific
circumstances and requirements is necessary and appropriate for practical,
cost-effective implementation.

References

[1] Beattie, J.D. & Malcolm, J.S. (1991) Development of a Human Factors
Engineering Program Plan for the Canadian Nuclear Industry. Proc.
35th Annual Conference of the Human Factors Society.
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ABSTRACT

Safety analysis is traditionally viewed as a design related
activity that is performed in order to obtain the Construction and
Operating Licenses for a new plant. Its primary function is to
evaluate and demonstrate the adequacy of Special Safety Systems,
and the method by which the overall plant design is reviewed to
ensure that safety objectives are met. Such analyses require large
resources both in terms of specialized people and computing
facilities and must be completed in a tight time frame consistent
with the project schedule.

In contrast to the design stage, the operations phase requires
a significantly different kind of analytical support. Besides
ensuring that the analysis reflects how the station is actually
operated and maintained, there is a need to provide timely and
cost-effective analytical support as the station ages. The
establishment of a safety analysis group at Point Lepreau fulfilled
this need while at the same time optimized the use of off-site
consulting services in supporting the large scale technical effort
required to address on-going topical safety analysis issues.

This paper follows on from an earlier one which focused on how
the on-site PLGS analysis group was formed (Reference 1). The
intent of the present paper is to outline the functions of the
group and to explain the process which has set the overall long
term direction of the analytical program. A key element in the
establishment of this process is the recognition of the eight basic
components of analysis and the understanding of how they relate
back to plant operation and maintenance. The rationale of how much
effort should be expended and how these resources are allocated are
discussed.

*Formerly with NB Power, now with Alikhan Consulting Inc.



The paper should be of interest to those who wish to
understand the overall rationale behind NB Power's analytical
program, and those who are either setting up analysis groups or
reviewing the current direction of existing ones.
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The Gentilly 2 nuclear power station has witnessed a pheno-
menal growth in the volume of accumulated technical documentation
since the in-service date of October 1983. The current total
volume of technical documentation occupies roughly the equivalent
of 13 000 standard boxes or 1 050 standard "6 drawer" wall units.
This represents 5 000 square feet of floor space for the wall
units alone. Approximately 80% of this documentation is scat-
tered around the tech unit among (20) satellite documentation
stations and numerous personnel cubicles. Efforts directed
towards centralizing the documentation at the station document
center and the semi-active vault storage have met with limited
success. The reasons for the lack of centralisation include many
technical and human related issues.

It is becoming increasing evident that the present "manual"
method of managing station technical documentation is inadequate
in terms of

physical constraints
growing staff turnover rate

- loss of experienced "Commissionning era" personnel
rising quality expectations in terms of safety and
production
increasing importance of Plant Life Extension issues
increasing need to overcome the "barrier of speciali-
zation" and access specialist information.

It is hypothesized that the starting point for a major and
permanent improvement is a complete rethinking of how we manage
our documentation. An integrated document management strategy
based on strong physical/electronic document centralisation is
essentiel to meet future needs. However all integration and cen-
tralization techniques eg: computer, microfilm etc.. quickly run
up against the filing system (or code) stumbling block. This
results from the combination of many factors including the large
volume, extreme diversity (as well as the variability of format)
and interdependence of technical documentation. The existence of
several different partial or specialized filing systems does not
facilitate matters. Naturally the "subjective" nature of docu-
ment identification by many individuals does not help either.

In 1989 the author decided to develop a single integrated
NPP filing index to complement and supplement the existing
"equipment" USI system. This Function Nature Index constitutes
the major component of the Station Document Code System. The
Function Nature Index basically describes 1) the "ownership" or
use of the document, 2) the physical on intrinsic nature of the
document and 3) the specific subject.

The object of this paper is to describe this "subject"
classification of NPP Technical documentation and to provide an
insight into the potential application of such a system.
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Summary

AECL is continuing with its goal of completing the standard plant design for the CANDU 3 nuclear
power reactor. To date major aspects of the conceptual design and some of the detailed design work
have been discussed with the Canadian nuclear regulatory, the Atomic Energy Control Board
(AECB).

The Standard Plant Design (SPD) envelope has been chosen to accommodate the characteristics of
a wide variety of sites in Canada and around the world. One of the key objectives of the project is
to ensure the standard plant design is licensable in Canada. This is to be accomplished prior to the
AECB issuance of the construction licence for the first unit. Approval from the AECB is required
to reduce the plant owners' risk and achieve the 35 month construction schedule established for the
SPD. Additionally, we hope to address outstanding issues on the operating plant to the extent
possible in CANDU 3 design and maintain the design approval for repeat units.

The focus of the early years of the project was to document the conceptual design and the design
requirements. The detailed design work could then proceed only with agreement on the major
design-related licensing pre-requisities, thus reducing the risk and associated costs that major
design changes would be required by the regulatory during the detailed design and construction
phase. The licensing objectives for the first years included establishing the licensing basis for the
SPD, review of the unique features of the CANDU 3, agreement on the Safety Design Requirements,
agreement on the Systematic Plant Review and then agreement on the Safety Analysis Basis. These
would then be used to ensure the detailed design and safety analysis proceeds on a mutually
understood basis.

These up front licensing discussions on the CANDU 3 provide the first opportunity for the AECB
and the industry to explore what full implementation of the Consultative Document C-6
"Requirements for the Safety Analysis of CANDU Nuclear Power Plants" entails. Clarifications
of the draft requirements utilized in the Darlington licencing process have been discussed and these
have resulted in the production of unique licensing documents (reference the paper on the
Systematic Plant Review of the CANDU 3 by R. Jaitly). In this paper, we review the issues discussed
in the licensing process and outline their resolution.

In the upcoming years, we will be seeking AECB concurrence on the approach to follow on the
treatment of external events and the context for severe accident analysis (1992), a statement of plant
licensability for the construction licence (1992) and approval for major equipment specifications,
before the first purchase orders are placed (1995) and standard design approval before construction
licence for first unit (1996).
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HIGHLIGHTS OF CANADIAN ACTIVITIES IN FUSION SAFETY

by

G.A. Vivian, A. Natalizio, M.A. Wright

A next-step experimental fusion reactor will likely have many of the features of a fusion
power reactor except for tritium breeding and electrical power production systems. The
proposed International Thermonuclear Experimental Reactor (ITER) will have a thermal
power output approaching 2000 MW. This level of performance (up from 1 to 2 MW
demonstrated at JET) requires significant quantities of tritium to be handled inside the
facility. Hence, tritium safety is one of the key issues to be addressed in the design.
Other issues include: an overall safety philosophy appropriate for experimental facilities, an
appropriate set of safety and licensing requirements, and the design of safety systems (eg:
plasma shutdown and containment).

CFFTP is supporting the ITER conceptual design activity by design contributions, primarily
to fuel cycle (tritium) related systems. As a result of the tritium safety R&D programs that
have been in place for many years, in support of the CANDU program, Canada is a
recognized world leader in this field. While CFFTP has utilized fission relevant R&D to the
greatest extent possible, some safety R&D programs have been established to address
specific fusion safety concerns. In some instances, such programs have been co-
sponsored by fusion groups outside Canada.

The paper describes the key safety issues associated with experimental fusion devices
and how these issues are being addressed by the fusion community and by CFFTP.
Specifically, the paper will discuss fusion safety principles, safety goals, containment
requirements, safety of tritium storage and transportation devices, and the potential
radiation impact of a fusion reactor on public safety and the environment.



AN EMERGING TECHNOLOGY FOR FUSION:
THE SPHERICAL PINCH

E. Panarella*
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Since the late 70s an experimental and theoretical program has been carried
out at the National Research Council of Canada in Ottawa on an evolution of a well-
known plasma physics concept, the theta pinch, from the cylindrical geometry to
the spherical. The motivation for such a study was given by the ability of the
spherical configuration to overcome the serious problem of plasma end losses
inherent in the cylindrical geometry. If this scheme was supplemented by the
presence of a hot plasma in the centre of the spherical vessel, which would act as a
target for the imploding shock waves generated in the spherical pinch, these would
then compress such central plasma, contain it, and further raise its temperature.
The spherical pinch concept could then lead to a machine capable of seriously
competing in the fusion race.

The conversion from cylindrical to spherical geometry along the lines
indicated above was successful. A number of experiments were carried out and
copious X-ray and neutron emission was observed from modest scale plasmas.(!)
This, in turn, led at the beginning of the 80s to analyze in depth the experimental
conditions required for a spherical pinch in order to satisfy the Lawson criteria for
breakeven fusion conditions. Following an intensive study and modelling of the
phenomenon, in 1983 the scaling laws for spherical pinch devices were derived. (2)
Although obtained under simplifying conditions, they nevertheless indicated that the
spherical pinch concept had the potential ability to reach breakeven fusion
conditions. A series of pilot experiments designed to approach the conditions
required by the scaling laws were then carried out, which verified the stability of the
spherically pinched plasma under those conditions, and neutron emission, a
signature of fusion reactions, was again observed/3)

Encouraged by these successes, the industrial community began to show an
interest in the Spherical Pinch. In 1987 a Company (Advanced Laser and Fusion
Technology, Inc. - ALFT) became operational in Canada and a particular target
industrial spinoff, soft X-ray production for microlithograpy(4), was selected as
initial application of the Spherical Pinch. This project is now in the stage of final
prototyping, and the production and marketing stages are beginning.

*Also with Advanced Laser and Fusion Technology,
189 Deveault St., #7, Hull, P.Q., J8Z 1S7, Canada



Another industrial spinoff of the Spherical Pinch is now being seriously
considered. It is neutron generation for nondestructive testing of materials. The
Canadian Department of National Defence (DND) has shown a strong interest in
this project, and a Feasibility Study commissioned to ALFT by DND has been
recently concluded. This study provided the result that the Spherical Pinch can
become a neutron generator for a neutron radiography system. An experimental
proof-of-principle stage is now being planned, in which the National Research
Concil of Canada will participate with its 1 MJ condenser bank facility, and the
Italian consortium CITIF (Industrial Consortium for the Technology and
Engineering of Fusion), made up of the two major industries FIAT and
ANSALDO, will join ALFT financially and with manpower to carry out the project.

The knowledge acquired through these industrial spinoffs on the basic
operation and characteristics of the Spherical Pinch has proven fundamental in
understanding the direction to follow to reach ignition conditions with this machine.
In particular, a recent numerical study carried out with a realistic energy input has
revealed that the Spherical Pinch can become a serious contender for fusion. The
advantages of pursuing this line of research are therefore: 1) the laws that govern
the phenomenon are known and understood; 2) experiments aimed at proving
conditions near or at ignition are, by all standards, modest scale experiments, and
therefore economical; and 3) even if fusion conditions are not achieved in the short
term, the Spherical Pinch is already providing an economical return through its
industrial spinoofs.

The talk will provide a broad overview of the past achievements with the
Spherical Pinch program, and an outline of future directions of research.

1. E. Panarella, "Quasi-Spherical Compression of a Spark-Channel Plasma",
Can. J. Phys. 5£, 983 (1980).

2. E. Panarella and P. Savic, "Scaling Laws for Spherical Pinch
Experiments", J. Fusion Energy 2, 199 (1983).

3. E. Panarella, "The Spherical Pinch", J. Fusion Energy £, 285 (1987).
4. P. Savic and E. Panarella, "Theoretical Analysis of Soft X-Ray Generation

in the Plasma of a Spherical Pinch", J. Appl. Phys. 52, 3990 (1986).



RESULTS AND UPDATE ON THE TdeV FACILITY

G. LE CLAIR * and TdeV team.
Centre canadien de fusion magnetique

1804, Montee Sainte-Julie, Varennes, Quebec, J3X 1S1

TdeV (Tokamak de Varennes), Canada's contribution to tokamak-oriented fusion research,
was operated in 1988 in a limiter mode and upgraded in 1989-90 to run in a double or single
null poloidal divertor configuration. This presentation will give the up-to-date status on the
improved facility and summarize interesting experimental results emphasizing those which
are ITER (International Thermonuclear Experimental Reactor) relevant.

A comprehensive set of diagnostics permits detailed impurity and current transport experi-
ments as well as studies of scrape-off layer physics and plasma wall interactions under
various conditions. A 1MW, 3.7 GHz lower-hybrid-current-drive system is currently under
construction for long pulse plasma experiments (30 s) scheduled to begin in 1993.

Impurity transport, production and control are the main long term objectives of the TdeV
program. Accordingly, the machine can be operated either in a divertor or limiter mode with
full added capabilities for plasma biasing experiments under several configurations: biasing
of the different neutralization plates or current injection. Plasma biasing with a closed diver-
tor has been shown to be a promising technique to reduce impurity influx and to study
electric field effects both just outside and inside the separatrix. New plasma facing material
testing and studies are also emphasized ( boronized graphite, TiC, composites,...). Plasma
current transport is also studied using perturbation techniques of fast plasma current ram-
pup or rampdown; this work takes advantage of the very accurate and fast plasma position
control on TdeV. The addition of the long pulse, high power density (1 MW/m3) lower hybrid
current drive system will add significant capabilities for continued studies on plasma current
transport, impurity control and materials testing.

The Centre canadien de fusion magnetique is a joint venture of Hydro-Quebec, Atomic Energy
of Canada Limited and Institut national de la recherche scientifique in which MPB Technolo-
gies Inc. and Canatom Inc. also participate. It is principally funded by AECL, Hydro-
Quebec and INRS.

* MPB Technologies Inc.



THE SAFE UTILIZATION OF TRITIUM THROUGH PROACTIVE
MANAGEMENT

W. T. Shmayda
Ontario Hydro, Research Division

800 Kipling Ave., Toronto, Ontario

Hydrogen is the most abundant element in the universe
comprising approximately 90 % of the atoms. It is pervasive, is
found through-out the life-chain and is highly mobile. Tritium like
hydrogen permeates through metal containers, resides on surfaces
usually as a part of a hydroxyl or carbon-based radical and desorbs
from surfaces typically as part of a water molecule. It has a
propensity to readily replace hydrogen which forms part of a
compound. The substitution can arise either within the bulk or at
the surface, the activation energy being provided by the decay
electrons. As a consequence, facilities which handle tritium must pay
particular attention to contain the gas and to monitor for its presence
on surfaces and in the work place atmosphere.

This paper will review the standards set by regulatory agencies
for tritium present in the work place and discuss the effectiveness of
procedures used in the Tritium Laboratory at Research Division to
meet these standards. To this end, several topics will be covered:
monitoring and controlling tritium effluent to the environment,
monitoring laboratory air quality and surface contamination levels,
maintenance of low activities on laboratory surfaces and the choices
and concomitant implications of several techniques for equipment
decontamination. Data accumulated over the past several years will
be presented to demonstrate that a tritium facility can operate at
activity levels approaching background values with minimal
emission to the environment, minimal low specific activity
generation and negligible dose imparted to the operators through the
proper management of all aspects of the tritium cycle. These goals
are attainable without a significant investment of labour. Where
appropriate experience developed at the Tritium Removal Facility
will be presented. Areas which require development in the
industrial sector will be discussed.
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Gas Chromatograph Isotope Separation System
for Kernforschungszentrum Karlsruhe GmbH

By Dr. K. Torr, EG&G Labserco

Summary

An isotope separation system capable of processing three moles per day of mixed

hydrogen isotopes is being built for the Kernforschungszentrum Karlsruhe GmbH (KfK)

tritium laboratory. The system is based on a patented gas chromatograph system

developed at Ontario Hydro's Research Division under the sponsorship of CFFTP and

Ontario Hydro.

The system features a two-stage separation column and five flow-through uranium getter

beds in a recirculation helium carrier gas loop. A zirconium/iron getter is included to

ensure all hydrogen isotopes are removed from the helium before it returns to the

beginning of the loop. The separated tritium will be re-used in the KfK fusion experimental

program.

CFFTP is prime contractor for the design, fabrication and supply of the equipment to KfK.

EG&G Labserco is the main Canadian contractor who will assemble and test the system.

They are also responsible for the control system design and supply and procurement of

the mainframe assembly and glove box. Other involved contractors are Atomic Energy of

Canada Limited (AECL) Sheridan Park Engineering Limited (SPEL); E.S. Fox Limited;

Kraftanlagen Heidelberg (KAH-Germany); and Braun (Germany). Design and technical

support are being provided by Ontario Hydro's Nuclear Engineering Department and

Research Division. Major components have been fabricated and delivery to KfK is

scheduled for the spring of 1992.
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DEVELOPMENT OF A PRESSURE SWING ADSORPTION
PROCESS FOR RECOVERY OF TRITIUM

FROM SOLID CERAMIC BREEDER HELIUM PURGE GAS
OF A FUSION REACTOR

C. Fong and S.K. Sood
Ontario Hydro
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M5G 1X6

D.M. Ruthven
University of New Brunswick
Fredericton,
New Brunswick
E3B 5A3

O.K. Kveton
Canadian Fusion Fuels
Technology Project
Mississauga, Ontario
L5J 1K3

SUMMARY

Fusion reactors must be self-sufficient in tritium - a major fuel component.
Tritium can be produced by neutron activation in a lithium-based ceramic
blanket. Recovery of tritium is performed by purging the blanket with he-
lium.

A new PSA (Pressure Swing Adsorption) process for recovering hydrogen
isotopes from the helium purge of a fusion breeder blanket has recently been
developed by Ontario Hydro as a better option than the reference TSA (Ther-
mal Swing Adsorption) design for ITER (International Thermonuclear Ex-
perimental Reactor).

The PSA process is based on using a molecular sieve (5A) at 77 K, with pres-
sure cycling from about 1.1 MPa during the adsorption cycle, to a rough vac-
uum (« 0.2 kPa) during regeneration. The PSA process allows much faster
cycling time as compared to TSA and has significantly (40 to 50 times) lower
tritium inventory than the TSA design, thus meeting an important safety
goal of ITER.

Laboratory studies on a small scale PSA column were carried out at the
University of New Brunswick. The results of the laboratory study confirm
that PSA is a feasible process for ITER and high purity (> 70%) hydrogen
isotopes can be obtained from the ITER blanket containing only 0.1% total
hydrogen isotopes in helium.



The preliminary design of a PS A pilot plant on a scale of one fortieth of the
ITER (or about 3 g T/day) has been developed by Ontario Hydro on behalf
of the Canadian Fusion Fuels Technology Project (CFFTP).

The laboratory test results and the preliminary PSA pilot plant design are
presented in this paper.



300-km/s Plasma Accelerator for Fuelling

R. Raman (CFFTP/U. Saskatchewan), D. Hwang (UC-Davis/LLNL), G. Conway (U.
Saskatchewan), A. Hirose (U. Saskatchewan), R Martin (CCFM). P. Gierszewski (CFFTP)

Fusion power reactors need to refuel the hot central plasma. However, penetrating 2
meters of 100 millicn degree C plasma is not easy, two methods are presently in use.
First, beams of 100-300 keV hydrogen atoms are injected into the plasma to heat its
center to fusion temperatures. These atoms also provide some fuelling. This was the
technique used recently (October 1991) to inject tritium into the JET tokamak (UK) to
produce 2 MW of fusion power. However, while sufficient for plasma heating, the power
required for fuelling is unacceptable. The second approach is to fire frozen hydrogen
pellets into the plasma. Such injectors are in wide use, firing 1-3 mm diameter pellets of
frozen hydrogen at speeds up to ~2 km/s. However, next-generation machines such as
ITER will need at least 50 km/s in order for the pellets to penetrate into the plasma center.

Recently, a third approach has been proposed. In this concept, small rings of cold plasma,
called "compact toroids" or "CTs", are accelerated using relatively well-demonstrated
technology to speeds of around 1000 km/s. l ings of around 30 cm diameter have already
been accelerated to greater speeds. However, while the essential accelerated technology
is reasonably demonstrated (so far only on a low-repetition-rate basis), the main questions
for fusion fuelling - as yet essentially unproven - are the interaction of the CTs with the
fusion plasma, and the ability to generate sufficiently clean CTs.

A collaborative effort between CFFTP, TdeV, UC-Davis/LLNL, U. Saskatchewan and the
US DoE will conduct a proof-of-principle test of the concept in 1992-1993. The accelerator
has been designed by a joint UC-Davis/LLNL and U. Saskatchewan team and is presently
under fabrication. It will be commissioned at the U. Saskatchewan small tokamak facility,
with emphasis on basic operation and characterization of the CT impurity content. Detailed
studies of the plasma penetration and tokamak interaction will then be conducted on the
TdeV tokamak.

The background to CT fuelling, the design of the present accelerator, and the results of
initial tests at U. Saskatchewan will be presented in this paper.
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DARLINGTON NGS
UNIT 2 FUEL DAMAGE INVESTIGATION

by

DR. W.B. Stewart
Ontario Hydro

700 University Avenue
Toronto, Ontario

Canada, M5G 1X6

SUMMARY

On November 30, 1990, during a routine on power refuelling operation on Unit 2,
problems were encountered with operation of the Fuelling Machine (F/M) connected
to channel N12. After removal of the channel closure and shield plugs a fuel carrier,
containing two irradiated fuel bundles, could not be inserted into the correct position
in the channel. After numerous attempts, the Operators decided to terminate the
refuelling procedure. Difficulties were then encountered in placing the fuel carrier back
into the Fuelling Machine Head and rotating the magazine. Subsequently, the closure
plug could not be reinstalled which necessitated leaving the F/M connected to the
channel. At the same time, other systems indicated that there was damaged fuel in
the unit.

On December 12,1990, after some difficulty, a closure plug was installed on the outlet
end of channel N12 but could not be completely sealed, so that the fuelling machine
had to be left connected to the end fitting. Unit 2 was shutdown on December 23,1990
the F/M was disconnected and a maintenance cap installed on the end fitting on
January 4, 1991.

The unit was returned to 65% full power on January 8,1991 and the fuelling machine
discharged the fuel carrier to the Irradiated Fuel Bay (IFB) where it was inspected on
January 12,1991. Broken fuel pencils were observed protruding from the front of the
fuel carrier. It was decided to shutdown Unit 2 since the condition of the fuel in channel
N12 was uncertain.

Subsequent inspections of the fuel, in the IFB, showed there was a number of fuel
element fragments, bundle end plate pieces and fuel end caps present that had come
from channel N12 fuel. Further investigation identified the debris as coming from inner
or intermediate fuel elements.

Following the discovery of the fuel damage in channel N12 an extensive investigation
program has been undertaken to determine the extent of and reasons for the damage.
In-reactor video camera inspection of the outlet end of the fuel bundle of 46 channels
identified a number of fuel bundles with suspected endplate cracks. The suspect
defected bundles were discharged and inspection in the IFB and/or at Chalk River
Laboratories have confirmed that 6 channels contained fuel bundles with cracked end
plates (In addition, the problem on N12 is assumed to have been initiated due to



cracked endplates). Endplate damage has been observed in bundle positions 1, 2, 3,
4,5 and 8 in channel K12, the most severely damaged channel identified to date. Other
damage that has been seen includes: excessive interelement spacer pad wear on
some bundles (worn through the spacer pad into the fuel sheath); endplate to endplate
"impression" wear marks; and heavy wear of the upstream outboard bearing pad
(against the fuel channel spacer sleeve) on bundle 13.

Some of the observed endplate cracks have gone completely through the endplate
thickness and web while others are only through the endplate thickness but not the web
and still others are only part way through the endplate thickness. The cracks in the
endplate are located predominantly in the inner and intermediate rings and the
connecting webs. The cracks occur in areas of predicted high stress and start near
the tip of the endplate to endcap web. The cracks are brittle in nature and initiated by
high cycle, low amplitude fatigue failure. Initial oxide thickness measurements
indicated that the crack surface and neighbouring undamaged material were similar
in thickness indicating that the cracking happened some time ago and then stopped.
More recent data indicates the cracking happened at several points in time.

Recent inspection of fuel that was moved from one channel to another during power
operation and then subsequently discharged has also identified endplate cracks. The
two instances where this occurred are in fuel channels where the original fuel was also
cracked.

A major test program was carried out on Unit 2 in July 1991 in order to attempt to
determine factors that contribute to the fuel damage. Specialized instrumentation was
installed to measure pressure pulses, vibration and flow variations. Measurements
were taken for a variety of normal operating conditions and upset events. These
measurements are being used to define operating conditions employed in out-reactor
test loops, to determine if they can cause fuel damage.

The conclusion is that the test program did not identify the operating conditions which
caused the damage to the Unit 2 fuel. Fuel discharged at various stages of the test
has been inspected and no endplate cracking was observed. The Unit 2 data collection
program was extended to Unit 2 during the return of Unit 1 to power operation. The
data confirmed that an acoustic resonance phenomena is occurring which amplifies
the pressure pulsations originating from the 150 Hz vane passing frequency of the PHT
pumps.

Test loop results have conclusively demonstrated that end plate cracking and endplate
impression wear can occur when the fuel bundles are subjected to 150 Hz pressure
pulses of sufficient magnitude.

The major contributor to the mechanism that caused the fuel damage is 150 Hz
pressure pulses, which occur during resonant conditions. The damage occurs when
the bundle and/or the fuel string also go into resonance.



DARLINGTON N12 INVESTIGATION - THE EXPERIMENTAL LOOP PROGRAM

by

Dr. G.J. Field

Atomic Energy of Canada Limited CANDU
2251 Speakman Drive
Mississasuga, Ontario

Canada L5K 1B2

SUMMARY

INTRODUCTION

The fuel channel experimental program was initiated soon after the investigation
began to address the vibration and wear characteristics of fuel under simulated
reactor operating conditions in an attempt to understand and duplicate the fuel
failure mechanisms which were discovered in Darlington Unit 2.

Initial testing utilized the flow visualization rig at AECL SPEL to address the
vibration of damaged fuel at the downstream end of the channel. Subsequently the
program was expanded significantly to utilize four full scale fuel channels operating
at or close to reactor operating conditions of temperature, flow and pressure.
Pressure pulsing equipment was designed to create flow variations in the channels
and pressure pulsing over a range of frequencies up to 300 Hz. A mechanical
vibrator was utilized at OHRD to mechanically excite a fuel string in a channel.
Instrumentation varied between the loops but in general monitoring of the channels
was planned to cover pressure pulse amplitudes at various locations in the channel,
vibration of fuel elements, axial movements of the fuel string and channel
components and strain in the outlet bundle downstream end plate.

A schedule covering a range of test conditions was undertaken, to cover the
conditions the fuel was expected to experience. Many of the objectives of the test
plan were achieved by September 1991 and revised objectives initiated based on
the failure hypothesis that pressure pulses, cause by the 150 Hz vane passing
frequency of the PHT pump, were responsible for all the known damage.

AECL SPEL - Flow Visualization Loop

Whilst a significant amount of understanding of fuel performance was gained during
these early tests, results did not indicate failure modes as seen in the reactor. In
fact under almost all conditions the fuel remained very stable.

AECL SPEL - ETR-7 Loop

A long term endurance test at low temperature but with a varying flow rate was
undertaken to assess the effect of flow rate variations (at 1.5 Hz, ± 2 kg/s) on the
end plate cracking and the wear of the inlet bundle.

* The test completed 2.3 million cycles without failure of the end plate. No
significant fretting of the inlet bundle or pressure tube and no cracks were
observed.



Flow variations up to 40 Hz were also tested.

* The results indicated a clear preference for the inlet bundle to undergo
significant "rocking" at a flow variation frequency of 16 Hz.

STERN LABORATORIES - Darlington Test Section

Frequency sweeps were made to determine the natural resonances of the fuel
string under cold and hot conditions.

* Results indicated that the downstream end plate of bundle #1 responds
axially to a wide range of pulsing frequencies up to 300 Hz with peaks in the
displacement amplitude at many specific frequencies. Axial amplitudes of
vibration were much higher than anticipated and values up to ± 0.2 mm were
measured.

Endurance testing under cold, pressurized operating conditions, whilst pulsing the
pressure at high frequency (150 Hz nominal), was set up to see if this mode would
crack fuel bundle end plates.

* The objective of the test was achieved and the end plate cracked after
approximately 10 million cycles. The fracture surfaces were examined and
found to be a result of high cycle, low amplitude fatigue failures similar to
those seen in the reactor but having a fretted fracture surface.

The rig was used to assess the effect of the pressure pulse amplitude on inlet fuel
bundle motion and the end fitting axial motion.

* Assessment of these results indicated significant movement of the inlet
bundle due to flow and pressure pulsations. End fitting axial motion was
seen to be complex.

OHRD - NPCTF - Bruce Channel

Work at OHRD was aimed at monitoring a string of fuel for mechanical resonances
using a vibrator to vibrate both the channel and the fuel.

* Testing with accelerometers attached to the fuel bundles show that the inlet
bundle appears to respond significantly when the vibration load amplitude
exceeds 100 lbs. This suggested that pressure pulse amplitudes may need
to exceed a critical level to induce inlet bundle fretting.

GE (CANADA)

Several endurance tests were initiated on the loop to determine the conditions that
would crack fuel under hot conditions.

* Tests were set up with pressure pulses at 150 Hz, 265° C and 70-80 kPa
pressure pulse amplitude and resulted in several end plate cracks in bundles
1, 2 and 3. Following these tests conditions were varied to assess the pulse
amplitude thresholds to cause fuel cracking.

ACKNOWLEDGEMENTS
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DARLINGTON N12 INVESTIGATION
MODELLING OF ACOUSTIC RESONANCE PHENOMENA

by

R.E. Pauls
Ontario Hydro

700 University Avenue
Toronto, Ontario

Canada, M5G 1X6

SUMMARY

Following the "N12" incident at Darlington NGS Unit 2, various tests were performed
in D2 and subsequently D1 to characterize the 150 Hz pressure pulsations observed
to be occurring in the reactor. These tests confirmed that 150 Hz pressure pulsations
of the order of 10 psi amplitude were occurring in the RIH under certain reactor
operating states.

Tests were performed in the STERN Lab Rig to investigate the effect of such pressure
pulsations on the fuel. It was found that fuel end plate (EP) cracks, spacer pad (SP)
wear, EP impression wear and inlet bundle bearing pad (BP) wearcould be reproduced
in the rig with pressure pulsations of similar magnitude to those measured in Darlington
Units 1 and 2 at approximately 137 Hz.

HT pumps develop 2-3 psi amplitude pressure pulsations at 150 Hz in an acoustically
untuned piping system. Tests in the OHRD Pump Test Facility demonstrated that for
this piping system and the Darlington NGS pump, an acoustic resonance occurred at
approximately 185°C. At this condition a standing wave is developed in the pump
discharge legs with a peak amplitude of approximately 20 psi,roachod.

In the paper results from finite element modelling efforts are presented which clearly
demonstrate that acoustic amplification takes place in the Darlington NGS pump
discharge/RIH pipes. These models are able to reproduce the pressure distribution
along the RIH observed in Darlington as well as showing higher amplification in
channels where fuel damage occurred.

Further evidence of the fidelity of these models is provided in the agreement between
predictions and test results from the OHRD pump loop and Stem Lab Rig.



DARLINGTON N12 INVESTIGATION
RETURN TO SERVICE PROGRAM

by

W. Robbins
Ontario Hydro

700 University Avenue
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D.J. Benton
AECL CANDU

2251 Speakman Drive
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SUMMARY

This paper describes the work that has been done to date by the Darlington Unit 2
Recovery Team, the station staff who have been involved in the program, and the work
that is currently planned to allow the restart of the unit. In-reactor testing that has been
carried out in Units 1,2, and 3 in order to develop the understanding of the causes and
mechanisms is the subject of another paper.

The N12 Investigation Committee work on the cause(s) of the damage, and measures
to avoid future damage, is on-going at the time of writing of this abstract. As a result,
future changes to the program for restart of Unit 2 are anticipated as the understanding
of the causes becomes more complete. The presentation will cover some of the
alternatives that have been assessed in developing the approved program, in the
planning for restart.

In August 1991, in considering progress that had been made in understanding the
cause(s) of the fuel damage in Unit 2, the Darlington Steering Committee determined
that there was a need for a team to specify that had to be done to the pressure tubes,
core fuel, and reactor components to return the unit to service, and provide the
necessary support to implement the required actions. This team was set up, reporting
to the Darlington Technical Manager. Members of the team provided the expertise of
several groups within Darlington Operations as well as Ontario Hydro Inspection and
Maintenance Department, Nuclear Engineering Department, Nuclear Safety
Department, Darlington Engineering, Darlington Construction, and AECL CANDU.

One of the initial activities of the team was to develop a strategy and program for the
reactor inspections that would be necessary, as this was recognized as being key to
determining what work would be required before the unit could restart. The goal of the
inspection program was defined as assuring the continued reliable, safe operation of
the Unit 2 fuel and fuel channels, assuming that modifications to equipment and/or
operating procedures would ensure no future damage would occur. The strategy that
was developed relies on using examination of fuel from the core as the means of



indicating not only where there has been fuel damage but also where there is possible
pressure tube damage. Where possible pressure tube damage is indicated, based on
fuel examination, CIGAR will be used for detailed inspection of the pressure tube.
Replication of deep fret marks is also available as a means of characterizing the root
radii, where this is thought to offer the possibility that the requirement for replacement
of the pressure tube, based on traditional/conservative stress analysis and
assessment, may be avoided. The process that was used to select the target
channels, to specify the inspections required on each of them, and to establish the
acceptance criteria, as well as the results of inspections to date will be discussed.

In recognition that the conditions causing fuel damage might have caused damage to
other parts of the PHT system, there have been inspections carried out on the steam
generators and reactor feeders. There will be a description of the extent of these
inspections and the results.

Planning for the restart of Unit 2 included an allowance for replacement of a small
number of pressure tubes, in anticipation that some pressure tube damage would be
found by the inspection program. During the station outage in October and November
in which the Unit 1 generator rotor was changed and the fuelling machine powertrack
extended to Unit 3, there was an opportunity to remove and replace channel K13. This
provided an excellent opportunity to prove the procedures and tooling that had been
developed, and the presentation will highlight the valuable lessons that were learned
from this very successful operation, and how they will benefit future channel
replacement operations.

One of the activities that is key to the restart of Unit 2 is the rehabilitation of N12, the
channel in which the fuel damage problem first became apparent. The schedule for
the inspection and rehabilitation of N12 has been dictated primarily by the capability
of the fuel handling system, the availability of tooling, and by the relative priority
assigned to each of the units. While the relative priority of the units is dictated by
corporate issues, much effort has been expended to improve the fuel handling system
capability, and to develop the tooling and procedures necessary for special operations
such as the inspection and rehabilitation of N12. Throughout the entire N12
investigation, the fuel handling system has been called upon to perform work that had
not been included in the original requirements, certainly not at such an early point in
the life of the station, and this has demanded a great deal of resourcefulness and
commitment from the operators and technical support staff to overcome a number of
challenges. This work and the lessons learned from the actual N12 operation will be
discussed.

The presentation will conclude with a review of the overall schedule progress to date
on the work needed for restart of Unit 2, and a discussion of the outstanding activities.
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SIMMARY

Following the Darlington N12 fuel damage incident, a wide-ranging study
was carried out to identify and evaluate design options to counteract the
150 Hz pressure pulsation seen in Darlington Units 1 and 2. This paper
summarizes the results of this study.

The design study followed a number of parallel paths, with the task of
acoustic modelling of the pressure pulse phenomena.

An initial study of pump/header piping carried out in collaboration with
a consultant, EDI Ltd., identified a specialist filter design, chosen for
maximum effectiveness. Several other options were identified and
evaluated using acoustic models.

In parallel, an independent design team identified a further set of design
options, both for the pump/header piping and for individual channels,
starting by looking for simple solutions with significant effectiveness.

Once the most promising solutions were identified from ihese studies, they
were lested in lab mock-ups.

Solutions lested included:

• Volume-choke-volume f i l t e r .

• Pump discharge pipe i n t e r c o n n e c t .
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• Side branch resonator connected to each pump discharge.

• End fitting acoustic filter or reflector.

• Seven vane pump impeller.

From these options, final design proposals were made, offering benefits of
shifting and reducing the resonance condition, while maintaining maximum
simplicity of design and minimum impact on interfacing systems.
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SUMMARY

Calculations models, when validated against test data and in-reactor observations, provide
additional insight into the cause of the Darlington fuel damage. Modelling would also help to
identify the important parameters of concern. One of the major modelling efforts related to the
Darlington N12 investigation is the prediction of the fuel and fuel string response in a fuel channel
under pressure pulsing conditions.

Fuel and pressure tube wear observed from Unit 2 inspection of channels with damaged fuel has
indicated that the predominant movements of the fuel bundles are in the axial direction. The 13-
bundle fuel string was therefore modelled by an uniaxial fuel string model. For each bundle, the
19 outer elements are represented by a spring-mass system. The spring constant represents the
waviness of the end-plates as well as the fuel pencil stiffness. The 18 inner elements are also
represented by a spring-mass system. The inner and outer elements are connected by a pair of
springs which represent the rigidity of the bundle end-plates. The bundles are in turn connected
by gap elements, which are characterized by a load-deflection curve. Travelling waves and
standing waves of various frequency and wavelength can be input as the forcing function.

The stiffness of the fuel pencils and the end-plates were obtained for unirradiated fuel from out-
reactor bundle compression tests. The fuel string response under the 150 Hz pressure pulsing
as measured in the out-reactor loop tests at STERN Laboratories, and in the 13-bundle vertical
vibration tests at Sheridan Park Engineering Laboratories, was simulated with the model and
compared to measurements.

For irradiated fuel, the pencil stiffness and end-plate compliance are affected by a number of
phenomena, including sheath collapse, UO2 densification, UO2 swelling due to fission products,
and Zircaloy creep. These effects were simulated using the fuel performance code ELESTRES,
the structural code BEAM, and Zircaloy creep correlations developed for irradiated fuel sheath.
The stiffness values calculated for in-reactor conditions were then used in the fuel string model.

This paper describes the modelling effort, and summarizes the results of validation with out-
reactor tests and results of in-reactor Darlington simulations.

AECL-CANDU
AECL-Chalk River Laboratories
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CNA Conference Paper Precis

Bruce NGS-A Rehabilitation Program

Bruce A recently had committed a rehabilitation program to deal
with design changes and maintenance necessary to restore
performance of the generating units to a capacity factor of 85% for
the life of the station. This activity is seperate but
complementary to the retubing of the reactor units, in that the
work to be done is generally on the balance of plant.

This work is necessary due to plant performance problems
related to equipment deterioration and obselescence following about
120,000 full power equivalent hours operation per unit. Recent
performance of Bruce A has been declining to unacceptable levels.

An extensive scoping and justification exercise has been
completed to support the committment of the Rehab plan. Areas of
past incapability were studied, and projections of incapability for
certain components were completed (described under seperate paper).
Results of inspections and maintenance studies were used in
determining which pieces of equipment required attention or
replacement. Inputs were solicited from various parts of the
organization such as System Planning (for replacement cost data),
Environmental Division, Nuclear Safety Department, and others to
make sure any proposed changes were at least consistent with
emerging requirements. The contibution of the various levels of
Comptrollership were also extremely valuable in helping with the
financial evaluations and funding issues.

Additionally, a series of meetings were held with a panel of
Ontario Hydro and AECL nuclear experts, who reviewed the program
assumptions, approaches and specific projects.

One key feature of the overall program is that it is project
based. This means accurate projections of program costs can be
made based on individual project installation dates as dictated by
the Bruce A outage schedule. This feature allowed cashflowed
estimates and resource profiles to be rolled up into a total
program requirement.

Following a series of meetings with Corporate executives,
approval of the plan committment for $854M was granted at the Board
of Director's meeting in June '91. This was the original target
date set for approval at the outset, and was noteworthy given the
significant changes within Hydro's Board at that particular
meeting.

Work is progressing well now on the release of funds against
the committed plan, and setting up the project management
infrastructures and processes that will ultimately determine the
program's success. Key to the process is the cross functional team
approach involving Engineering, Construction and Operations.

Each project is assigned to a three member team (one member
from each department) through the release and implementation
phases. This project team is given authority and autonomy within
prescribed bounds in the execution of their project. Experience
with this new approach is still being gathered, but early
indications indicate significant gains in scope definition,



estimate accuracy, and alignment of solution to customer needs.
Various teams have also been formed to provide guidance and

support to the project teams. A Program Management team has been
looking at the overall program strategic plan and coordination of
support activities, as well as fulfilling the management monitoring
function. A program/Project Shuffle Team looks periodically at
impacts of outage schedule changes on the program and project
estimates, etc. A Planning and Control TeaTti is formulating long
term project management practices and training for the project team
members, in addition to team norms training for the teams. All
efforts by the support teams are directly aimed at empowering the
project teams.



THE JUSTIFICATION AND APPROPRIATION OF THE BRUCE-A REHAB PROGRAM

R.O.(Eob) Wells,
Supvr- Major Projects,
Ontario Hydro, Bruce-A.

Introduction

Bruce-A units have completed approx IS yr of their planned 40 yr service life. For many years
Bruce-A has been a world leader in performance; station capability averaged 85%, and there were
some years over 90%. However, during recent years, performance has declined to less than 50%
capability. This decline has been largely caused by system breakdowns due to aging,
degradation of components, corrosion, and obsolescence. During the years of high performance,
little time was taken for preventative maintenance due to production requirements and financial
constraints, but now the effects of this underinvestment in preventative care are showing.

In 1989, Bruce-A management recognized that their plant performance could never be recovered to
good levels unless a major rehabilitation program was conducted, to correct the root causes.
Longterm corporate power system plans depended on Bruce-A operating at 85% capability factor,
and this became the target figure for rehabilitation planning.

Overall Performance Recovery Strategy

To meet the 85% operating capability target, a comprehensive approach was planned, consisting of
four managed thrusts -

- Retubing, to eliminate problems from reactor fuel channels.
- Rehabilitation, to restore degraded operating systems performance.
- Regulatory Enhancements, to meet emerging regulations
- Staffing & Organizational Factors, to achieve good operations.

Retube is the necessary 30 month outages to replace the reactor fuel channels which have
elongated and embrittled with aging in service.

Rehab will lake advantage of the Retubing outages and other planned outages, to do the largest
program of maintenance and replacement work since the units were put into service.
However, most of the Rehab work program will be complete within the next 8 yr before 1999.
Retubing is forecast to improve Capability by 10%, and Rehab is forecast to improve Capability
by an additional 25%, on each unit.

Regulatory enhancements will add improvements to plant safety systems (o meet new emerging
regulations, and several Organizational Factors initiatives have been initiated to
increase staffing, improve effectiveness, and address people issues.



Performance Forecasting by analyzing Capability Factor impacts

Ontario Hydro Nuclear Operations keeps a database on the cause and performance impact of all
outages. These historical causes of operating incapability were analyzed to forecast future
station performance.

Words here detailing the methodology of CbF Analysis, and maybe a simple example case.

The conclusion was that, without rehabilitation, station performance would continue to decline
steadily, however with major rehabilitation, a 25% performance was predicted to come from the
following sources.

9 projects with documented direct Incapability impacts
9 projects were identified that had clear incapability histories; these projects
will provide payback by directly decreasing incapability by 12% in the next 6 years.

33 projecis with indirect incapability impacts
There arc 33 other projects with indirect impacts on incapability; these would have
otherwise caused incapability if the units had not been down for some other reason,
and/or they act to inhibit the attainment of maximum performance. It is estimated
that a further 8% lifetime capability factor improvement can be expected from these.

Intensive maintenance program
Analysis of historical data indicates a correlation between increased maintenance
effort and increased performance. It is expected that the planned major maintenance
program will produce an additional 5% capability factor improvement.

Rehabilitation Alternatives

Four alternatives were developed. Three of these assumed some degree of rehabilitation, and the
fourth was the Nil alternative-

Alt. 1 Rehabilitate to 85% capability
Alt. 2 Rehabilitate to approx 70% capability
Alt. 3 Deferral of 85% Rehab by 1 year
Alt. 4 Status Ouo- Continue mantaining as present

Alternative #1: This, as the recommended alternative, would commit $854 million of
rehabilitation investment to improve Bruce-A capability by 25%. 42 projects were included that
had clearly identified performance payback or were deemed essential to maintain performance.
Each project would be justified as an independent business case, and represented the best choice
from several alternatives studied.

Alternative #2: For this alternative, the 42 projects were ranked in terms of payback and
need, and then the lowest third were eliminated and the resulting plant performance analyzed.
The result was 30 projects that would enable the plant to operate at a calculated capability
factor averaging in the mid-70% range.



Alternative #"?: This was an impact study of a 1 year deferment of Alternative #1.

Alternative #4: This was the case of failing to receive the requested approval, and
continuing to maintain as required. This would entail increased maintenance costs estimated to
total 5% of station annual budget, and further reduced plant performance; capability factors in
the 50-60% range were predicted.

Economic Analysis

To confirm the viability of Bruce-A as an overall generating source, a basic cost comparison was
done on the total cost of Retubing, plus Rehab'ing, plus Other initiatives, vs. the lifetime
cost to replace its capacity and energy production by other sources. The analysis showed that
the cost of energy from Brucc-A is less than half the cost of energy from other sources, if
they were available.

The lifetime investment cost and energy production of each alternative was evaluated to
net present values, and it showed that the high cost of replacement energy was a strong driver
toward maximizing nuclear performance by maximizing rehabilitation.

The financial analysis conclusions were -
- AH. #1 (Rehab to 85%) represents a good investment compared to other energy

alternatives.
- The financial viability of the proposed Bruce-A Rehab Program was confirmed;

it was calculated that the Rehab Program would recover it's investment with
just 7% capability factor improvement, and that the program gives a 6 year
payback compared to the Status Quo case.

- Sensitivity analysis to key variables indicated that Bruce-A is in a very stable
economic position.

Risk Analysis
These risks to the station and Rehab Program were considered -

- More stringent nuclear regulatory requirements
- More stringent environmental regulatory requirements
- Inaccuracy of cost estimates causing cost overruns
- Additional outage time caused by Rehab
- Capability factor undcr-achievement after Rehabilitation
- Future 2nd Rehab, or Boiler Replacement, or Other major investment

The results show that none of these adverse variables jeopardized the project.

The process of building consensus and support
Words here about the multi-functional team process, and the several levels of review committees.

The Result
On June 20 1991 , the Ontario Hydro Board of Directors approved the $854 million Bruce-A
Rehabilitation Program upon first presentation, 16 mo. after the appropriation process started.
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INTRODUCTION

The first generation of commercial nuclear power plants is reaching the halfway point in
its design life. In Ontario Hydro's Demand and Supply Plan, a high priority is assigned
to maintaining the effectiveness of Ontario Hydro's nuclear power plants over their
economic life. As such, increasing attention is being focused on the need to better
understand and manage the effects of aging on the materials and components in these
facilities. The overall objective of which is to ensure that Ontario Hydro nuclear
generating stations meet their long-term production targets at an acceptable cost and with
acceptably low risks to the public and the environment.

The systems and components comprising a nuclear power plant are designed to perform
acceptably over a specified nominal life. The majority of components achieve this goal;
however, in some cases premature failures may occur. Aging degradation is one cause
of premature failures and results from undetected manufacturing defects or from
unanticipated normal stressors.

To address aging degradation and thus maintain the required level of safety of nuclear
stations over time, a variety of activities and programs are executed during the life of a
plant. These are applied to differing degrees based on the nature and safety-significance
of the component. In order to provide a logical framework for aging-related activities and
programs and to provide confidence that their scope is adequate, a model is presented for
the aging degradation process and functions performed to manage this process.

AGING MANAGEMENT MODEL

Internationally, several programs have been proposed or developed to address aging
management (1,2,3). The tasks comprising these programs fulfil a number of common
management functions. Based on these programs and an understanding of the aging
degradation process, top-down structured analysis was used to develop a consistent set of
functions and to define the interfaces between them that are necessary to manage the
aging degradation process (4,5).

This analytical process begins with a top-level view of the interactions between managing
aging to assure continued nuclear station safety and the external environment. This
establishes the context and constraints within which aging is managed. The aging



management model evolves from the context diagram in a series of data flow diagrams
which include functions, information or data flows between functions or the external
environment, and data stores. The top-level data flow diagram includes the following
basic aging management functions:

a. Assure Component Qualification;

b. Verify Safety and Risk;

c. Manage Reference Configuration;

d. Understand Aging;

e. Detect Aging; and

f. Mitigate Aging.

The model outlines a general approach to assuring continued nuclear station safety;
however, a nuclear station is composed of a wide range of components and materials.
As such, the way in which this model is implemented for individual components, through
specific activities or programs, depends on a number of factors. These factors include:

a. the safety significance of the component;

b. the ease of component replacement;

c. the expected nominal life of the component;

d. the cost of the component; and

e. the effect on overall reliability of the component.

Based on these factors, components can be categorized as indicated in Figure 1 (6). For
components in Categories I and II, the model is implemented through formal aging-related
programs which may be tailored for specific components. The emphasis is primarily
predictive to ensure that unacceptable aging degradation is detected early and that steps
are taken to mitigate the degradation before it has an adverse effect on plant life, safety
or reliability. For components in Category III, the model is implemented through
broader-based activities and programs. The emphasis is on testing, monitoring and
surveillance to detect individual component failures and overall trends. Mitigative
measures may be taken when adverse trends in component or component group
performance affects overall plant safety or reliability.



CONCLUSION

This paper has presented a proposed approach for managing the effects of aging on
Ontario Hydro nuclear generating stations. The approach establishes a logical framework
from which program requirements can be defined. These requirements can then be
compared with the objectives and scope of the operating and maintenance programs to
ensure their adequacy and to identify areas requiring improvement
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Figure 1: Component Categorization Scheme



DEVELOPMENT OF FLUSH ROLLED JOINTS
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D.R. Brown
AECL CANDU, Mississauga, Ontario

D.I. Hunter
AECL CANDU, Mississauga, Ontario

Current rolled joint design and fabrication procedures produce a step change (burnish mark) in
the inside diameter of the pressure tube inboard of the rolled joint. This can result in abnormal
fuel support at the inlet rolled joint of a Bruce-type (with fuel latch-type fuel changing process)
fuel channel. It has been recommended that the burnish mark step be reduced between the
rolled and unrolled regions of the pressure tube for inlet rolled joints.

The flush rolled joint concept involves the use of a pressure tube with a thick end, achieved by
decreasing the inside diameter. Dimensions of the thick end are chosen so that when rolled into
the inlet end fitting, the rolled joint bore will be flush with the unrolled region of the pressure
tube. Typical profiles of a conventional CANDU pressure-tube-to-end-fitting rolled joint and a
flush rolled joint are shown in Figures 1 and 2 respectively.

This paper will detail the design of the flush rolled joint, including development of the
fabrication technique of the pressure tube for this joint. The properties of the thick-ended
pressure tube, viz., mechanical strength, fracture toughness, corrosion resistance, resistance to
delayed hydride cracking, crystallographic texture, etc., will also be presented.

The details of the program to develop and qualify the flush rolled joint design for installation in
a commercial power reactor will be covered. Specific attention will be given to the salient
results of the program, namely, the geometry of the inside surface of the rolled joint, pressure
tube residual stresses in the roll expanded region, pullout strength, and helium leak rate across
the rolled joint.

The above results will be evaluated using the database on CANDU pressure-tube-to-end-fitting
rolled joints as the frame of reference.

* LARGE SCALE FUEL CHANNEL REPLACEMENT
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FIGURE 1: AXIAL PROFILE OF THE INSIDE SURFACE OF THE PRESSURE TUBE - TYPICAL CANDU 6
ROLLED JOINT



PRESSURE -TUBE-PROFM
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IN-PROCESS CONTROL OF BELLOWS WELDING DURING
LARGE SCALE FUEL CHANNEL REPLACEMENT OF CANDU REACTORS

A. Ditschun, A. Filipovic
AECL CANDU

2251 Speakman Drive
Mississauga, Ontario

L5K 1B2

Welding constitutes an essential aspect in the life
extension of CANDU reactors during a Retube or Large Scale
Fuel Channel Replacement (LSFCR) operation. It is one of
the last operations that must be done to install a new
channel by joining the in-situ bellows to the new end
fitting. While the previous record has been good in terms
of weld repair frequency, there is always a great incentive
to improve for both economic and safety concerns and
meeting this challenge requires the application of advances
in welding technology together with improved techniques.

During LSFCR, channel removal first requires cutting the
bellows flange ring to free the end fitting assembly from
the tubesheet. Following many intervening operations, a
new channel is installed and the flange ring is rewelded to
this channel at the end fitting attachment ring. By its
nature, this task is difficult because it must be performed
remotely in a confined area; the fact that the welding
process itself requires precise control of variables
compounds the difficulty of the work. The prior experience
in this application involved developing a compact weld head
which was rotated around the circumference and, after
welding, a visual inspection was made to determine
acceptability. In principle alone, this production method
is outdated in terms of general industry standards since it
incorporates traditional methods of quality control shown
in Figure 1. For several years manufacturing industries
have recognized that ".. you cannot inspect quality into a
product, you have to build it into the product" by
controlling in-process conditions to avoid producing non-
conforming product. This principle, depicted in Figure 2,
is the foundation of statistical process control.



Welding, often considered a simple operation, is very
complex from a process perspective in terms of the number
of variables that must be controlled to produce acceptable
results. The demands on the process are increased in
orbital welding applications since weld pool sag due to
gravitational effects causes changing conditions as the
weld progresses around the circumference. When combined
with variation in factors that are difficult to control
(such as fit-up, distortion, environment), maintaining
process equilibrium becomes a delicate balance of all
these influences.

A welding system under development at AECL draws from the
latest advances in welding technology to bring the bellows
welding operation several steps closer to the model of
Figure 2. Improvements to the welding system are achieved
by incorporating a video arc viewing and a data acquisition
capability to monitor the critical parameters during the
welding process. Recent technology provides smaller and
enhanced features in video cameras to allow close range
observation of the welding arc. This by itself provides
important visual feedback information to welders or quality
staff on the process stability during a weld and allows
informed decisions on whether to abort in mid-cycle. In
this way, it is possible to reduce the severity of repair
welds by interrupting the weld if process instability is
detected. The data acquisition feature provides additional
assurance that essential welding parameters are within
acceptable range during the weld and can be used to trigger
alarms or abort if process parameters exceed defined
limits. Typical process parameters that can be monitored
include arc voltage, arc current, travel speed, wire speed,
and shielding gas flow.

These improvements, together with some basic changes to
specific parameters used in the weld procedure, combine to
give the highest process reliability for bellows welding
applications during Large Scale Fuel Channel Replacement.



Output

INPUTS

Inspect
Scrap

Action or
Product

Rework

Figure 1 : Traditional method of quality control in welding



INPUTS

Monitor
Inputs

\

PROCESS

Monitor
Process

OUTPUT

ACTION ON PROCESS

Figure 2 : Welding quality based on in-process
control principles



A NEW FUEL CHANNEL
FOR BRUCE NGS 'A'

David Brown
AECL CANDU, Reactor Maintenance Branch

Sheridan Park, Mississauga

Introduction

Ontario Hydro is planning to replace all the fuel channels in the Bruce NGS *A' reactors. AECL
CANDU, with some assistance from GE Canada, is designing the new channels that will be installed
during the retube operation. The original fuel channels suffer from various shortcomings, and the
designers of the new channel have tried to overcome these, as well as making the installation of the
new channel as quick and easy as possible. The problems and their solutions will be described in the
paper, and are briefly outlined in this summary. The new fuel channel design is shown in the attached
illustration.

Pressure Tube Elongation

When the original Bruce A fuel channel was designed, only 0.7" (18 mm) elongation of the pressure
tube (due to radiation induced creep and growth) was expected. This was all accommodated at the east
end with a bellows, while the west end fitting was welded to an inflexible steel sleeve. The east end
bearing travel (about 1.5", or 38 mm) was used up after only 10 years operation, and it was then
necessary to cut the west end attachment welds, shift the channels towards the west, and reweld. This
was an expensive operation due to the duration of the outage required.

It would be very difficult to replace the bearing sleeves in the endshield lattice tubes to increase
the available end fitting movement. A solution that does not require this was wanted, and found. An
inboard journal ring on the end fitting body that overhangs the end of the end fitting body, together
with an installation position as close as possible to the calandria tubesheet, allows each end fitting
about 3" (75 mm) motion. As before, the east end fittings will be left free to move axially with
pressure tube elongation, while the west end fittings are fixed to the endshield. The channels will be
shifted at mid-life to move the east end fittings from their "crept" positions back to a "start-of-life"
position, and the west end fittings outwards from their original position to a new "end-of life" one.

This shift operation will not require any cutting and welding. The new design features a spring
finger detent positioning assembly, integrated with a bellows, to attach the west end fitting to the
calandria endshield. A movable locking sleeve can be shifted (manually) from a "locked" position,
where it prevents axial end fitting movement, to an "unlocked" position. When the locking sleeve is
in its unlocked position, the fuel channel can be shifted. The locking ring will then be returned to its
locked position to hold the channel secure.



Pressure Tube Cracks

Delayed hydride cracks in the pressure tube will be prevented by using zero clearance and low
clearance rolled joints that do not produce high residual stresses in the critical zone immediately
inboard of the rolled region. Hydrogen concentrations in the pressure tube due to cold spots caused
by pressure tube to calandria tube contact are prevented by using four tight fitting annulus spacers.
These design improvements are currently standard for all fuel channels at original installation and in
replacement operations.

Abnormal Fuel Support

Abnormal fuel support is a phenomenon on Bruce type reactors which occurs when the end of the
inlet fuel bundle is positioned over the rolled joint cavity of the inlet end fitting. With its end bearing
pads unsupported, the bundle vibrates more readily, and pressure tube fret marks due to this vibration
have been found.

A "flush rolled joint", with an inside diameter the same as the rest of the pressure tube, will
eliminate abnormal fuel support. This rolled joint is made using a pressure tube with a short thick
walled section at the end of the tube. The additional wall thickness, before rolling, is located on the
inner surface of the tube, and equals the radial clearance (between pressure tube and end fitting) plus
the wall reduction that occurs during rolling. The rolling operation pushes the extra material
outwards, and leaves a uniform inside diameter, with no "cavity".

A second solution will reduce fuel vibration by reducing the turbulence of the coolant flow at the
inlet fuel bundle. The current design inlet shield plug will be replaced by a new design having
improved flow passages and a flow straightener. Testing to date has shown that the amplitude of fuel
vibration can possibly be reduced to 50% of the current magnitude.
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FUEL CHANNEL INSTALLATION TOOLING
FOR RETUBING BRUCE REACTORS

by

R.J.Gunn

AECL-CANDU Reactor Maintenance
2251 Speakman Drive

Mississauga
Ontario
L5K 1B2

INTRODUCTION

Installing replacement fuel channels during the retubing of
CANDU reactors requires the use of a large number and variety
of highly specialized tools. During the retubing of the
Pickering 'A' reactors, the fuel channel tooling proved to be
a key factor in terms of outage time, dose consumption and
the final quality of the installed channels.

As the Pickering 'A' units were progressively retubed, the
tools underwent continuous development and refinement, and
today they form the basis of a new generation of tools
currently being developed for retubing the Bruce yA'
reactors.

AECL-CANDU have designed, developed and supplied the majority
of tooling required to install the replacement fuel channels
during the retube outages.

Although a • great number of tools are required for
calibration, component handling and transportation, this
paper will deal with tooling used at the reactor face for
remote operations within the reactor core. For most of the
operations, these tools are controlled and operated by
personnel located in a large elevating shield cabinet mounted
at the reactor face. Emphasis is placed on the more novel
designs and tools that have undergone considerable design
changes throughout retubing.

TOOLING EVOLUTION

Before the Pickering XA' pressure tube rupture in 1983,
considerable pre-engineering had been done to develop tooling
that would install the new channels remotely, using only a
minimum of personnel intervention at the reactor face.
Several tools were developed up to the prototype stage before
the retube program was accelerated in early 1984 to retube
units 1 and 2.



About the same time as the pressure tube rupture, the new
Candecon* decontamination process was found to reduce the
ambient fields to a level that would allow personnel to
remain at the reactor face during the installation phase.
This had a profound effect on the tool design and eliminated
the requirement for remote controlled tooling. Consequently,
the tools were totally redesigned to allow local operation at
the reactor face.

Pickering units 1 and 2 were retubed with the original east
end fittings remaining in place, unfortunately this gave rise
to considerable complications when the retained end fittings
were refurbished, consequently all end fittings were
replaced for units 3 and 4. Replacing all the end fittings
allowed the new channel to be installed as a sub-assembly
with the pressure tube pre-attached to one of the replacement
end fittings, this approach required considerable design
changes to the tooling.

Although the tooling currently being developed for Bruce
retube is based on the Pickering designs, the continuing
drive to improve tool reliability and hence reduce man/rem
consumption and outage time, has led to some interesting
developments and innovations. There have been particular
improvements in the area of garter spring installation and
method of aligning and setting the end fitting at the reactor
face. Further improvements include a return to remote control
of some tools, particularly those with more complex operating
requirements.

INSTALLATION TOOLING

In addition to tools required to calibrate tools and to
prepare and transport the new reactor components,
approximately 110 different types of tools have been designed
to operate at the reactor face for installing the replacement
channels. In addition to these tools, many tools are also
required to manage the PHT feeder pipes and to re-make the
welds between the bellows and the replacement end fittings.



Tooling required specifically for the installation of the
channels can be divided into four main groups as follows:

1. Cleaning and Refurbishing

Tools used to prepare the fuel channel site prior to
installing the replacement channel. This would include
the cleaning of the lattice site, the bearing sleeves
and removal of any visible debris from the calandria
tube. Also deburring and gauging tools are included.

2 . Inspection and Measuring

These tools are used to assess the condition of the
calandria site prior to installing the new channel and
to monitor the condition of the new channel during
installation. These tools are mainly CCTV type
inspection tools for visual inspection and measuring
tools for checking the rolled joint connections and the
position of the channel in the reactor.

3. Installation Tooling

The majority of tools fall into this category. These
tools are used to deliver the replacement components
into the calandria. Such tools are used to support,
algin and drive the pressure tubes, garter springs and
end fittings into the reactor. Also included are
clamping tools, various adjusting tools and tools
required to make the rolled joint.

4. Ancillary Tooling

Tools used to support and assist other tools as they are
operated at the reactor face. This would include
support troughs extension tubes etc., that are required
to allow other tools to reach into the empty channel
sites.

* Candecon is a registered trademark of AECL.
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PHASE SEPARATION PHENOMENON OF DIVIDING
STEAM-WATER ANNULAR FLOW IN T-JUNCTIONS

WITH DOWNWARD BRANCH ORIENTATION

F. Peng, M. Shoukri (McMaster University)

A.M.C. Chan (Ontario Hydro)

ABSTRACT

Phase separation phenomenon of dividing steam-water annular two-phase flow was

experimentally ?fudied in 25.4 mm diameter stainless steel tubing tee test section with varieties

of downward orientation. The experimental research was performed under inlet mass flux of 600

to 900 kg/m2.s, inlet quality of 0.02 to 0.08 and branch flow split ratio of 0 to 1.0. These

conditions led to the observation of annular flow in the inlet of the test section. It has found that

pronounced phase separation happened under the experimental conditions with the vapour phase

entering the branch conduit preferentially. The branch orientation was found to be a very

significant parameter affecting phase separation in the junction under a horizontal annular flow

inlet condition when the quality was less than 10%. The effect of orientation on phase separation

became iess important when more uniform liquid film situation was generated, for example, by

increasing the quality at the inlet conduit. Inlet flow mass flux played less significant role on

phase separation as compared with the inlet quality. It was interesting to note that with a

downward branch an increase inlet quality would increase branch phase separation rather than

decrease it, which is usually the case in a horizontal branch. The results were compared with

an analytical model, developed earlier, at McMaster University and good agreement was

obtained.



AN EMPIRICAL TWO-FLUID MODEL FOR CRITICAL FLOWS

W. S. Liu

Nuclear Safety Department
Ontario Hydro, Ontario

Prediction of the break discharge flow rate is important in the safety
analyses of nuclear reactors. In general; there are two theoretical approaches:
empirical and mechanistic models. In the first approach, one or more empirical
parameters are introduced and fitted to experimental data. The most used
empirical models in nuclear industry are the Moody and the Henry and Fauske
models. In the second approc\ch, the non-homogeneous and non-equilibrium effects
are introduced through the two-fluid or simplified two-fluid equations. The
steady state equations are then integrated along the pipe direction until the
choking condition is satisfied. The object of this paper is to propose an
empirical critical flow model, based on the two-fluid results, to account for
phase slip, thermal non-equilibriun and pipe geometry effects. The main emphasis
is on the derivation of the model which includes the major relevant physical
phenomena, and it can be used to make predictions suitable for comparison with
experimental data.

In the critical flow formulation, the following theoretical aspects must
be considered: (1) Formulation of the critical flow as a function of local or
exit conditions, and (2) Relations between the throat and the upstream or
stagnation conditions. Both aspects have been studied in this paper.

Theoretical Considerations: A rupture of a pipe will generate a rarefaction
wave which travels downstream at sonic velocity relative to the flow. When the
flow velocity at break becomes equal and opposite to the sonic velocity, the
rarefaction wave becomes stationary and the flow chokes or becomes critical.
This two-fluid result is different from the classical critical flow theory,
where the assumption of a maximum flow rate with respect to the throat pressure
is applied. In summary, the critical flow rate based on the two-fluid model can
be expressed by

c r i L i c a L

B * 111
C2

where F is a factor containing the non-homogeneous effect, C is the ratio of
the homogeneous critical frozen sound speed to the homogeneous equilibrium sound
speed, fl is the boiling parameter indicating the degree of mass transfer between
the two phases due to flashing pressure gradient and G(EVET) is the critical flow
rate based on the homogeneous equilibrium model at the throat:. The non-homogeneous
factor is a function of void fraction and virtual mass coeff3cient. The boiling
parameter is a function of the pipe length or flow quality. Those parameters
are discussed in details in the paper.



Simplified Two-Fluid Equations: The important physical values that affect
the sound speed at the throat are pressure and quality. The local throat
conditions as functions of the upstream entrance or stagnation conditions
are obtained from the simplified steady state two-fluid equations. The changes
of phase velocities, specific enthalpies and flow quality are in terms of the
pressure gradient at the throat. Based on those relations, the critical flow
rate as a function of stagnation pressure and enthalpy (or quality) is obtained.

Discussions of Model: In the critical flow, the possible flow regimes are
either bubbly, churn turbulent or highly dispersed flows. A simple correlation
of the virtual mass coefficient has been suggested. The validity of this
correlation is demonstrated by comparisons with experimental data on the slip
ratios shown in Figure 1. Figure 2 shows the comparison of the theoretical
and experimental sound speeds at a pressure of 0.1 MPa. It shows that the
critical frozen model suggested in this study agrees very well with the experi-
mental data. The important parameters that affect the thermal condition at
the throat are the flow quality and the absolute length of the pipe (or the
passing time of fluid through the nozzle or pipe). A simple correlation for
the boiling parameter has been proposed.

Comparison With Experimental Data: At high quality flows, it is expected that
the non-homogeneous effect is more important than the non-equilibrium effect
on the critical flow. Figure 3 compares calculated critical flow rates with
some available data given in the literature. At low quality flows, It is
expected that the non-equilibrium effect also plays a significant role in the
critical flow formulation. Figure 4 illustrates the non-homogeneous and non-
equilibrium effects on the critical flow.

Leak Flow Rate: The leak before break concept is being discussed in Canadian
unclear industry. It is important to clarify the leak flow rate since it relates
to the methods for leak detection and to confirm the leak location. The dis-
charge rate from very narrow and short slits require further consideration in
the empirical model, especially the non-equilibrium effect. The model proposed
in this paper is applicable to the leak flow calculation.
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A New Model for Void Fraction in Subcooled Boiling

H. Tang

Simulator Group
Point Lepreau Generating Station of

New Brunswick Power
Point Lepreau, N.B.

Canada EOG 2H0

1. Introduction

FLOW BOILING is an interesting subject to nuclear power
plant safety analysts, and an important phenomena to the plant
operators. Boiling is usually divided into two stages; i.e.
subcooled boiling (also called local boiling) and saturated
boiling (also called bulk boiling). Subcooled boiling occurs
whenever a sufficiently superheated wall is in contact with a
subcooled liquid that has a bulk temperature below the
saturation value, while saturated boiling occurs when the
temperature is equal to saturation value.

Boiling heat transfer is one of the steady state heat
transfer mechanisms in the CANDU 600 reactor. There is
substantial subcooled boiling for most of channels and
saturated boiling for some channels. Boiling is expected to
occur throughout the core during the accidents when the coolant
is rapidly depressurized, such as LOCA.

Tremendous amount of work have been done on the boiling over
the last three decades. Among the subcooled boiling studies,
two distinctly different approaches have been taken to qualify
the prediction of void fraction and other interesting
parameters. In the first approach, a phenomenological
description of the boiling heat transfer process is postulated
and, thus, the subcooled flow quality and void fraction are
calculated from a mechanistic model [1,2,3,4]. The other
approach is to postulate a convenient mathematical fit for the
flow quality or liquid enthalpy profile between the void
departure point, Zd, and the point at which thermodynamic
equilibrium is achieved, Z^, [5,6,7,8,9]. Some of the
resulting correlations from the previous researches are used in
the design and safety analysis of the CANDU type reactors
[10,11,12,13].

It should be pointed out, however, that almost all the
existing researches, both for subcooled and saturated boiling,
did not fully take into account the vapor bubble transport
process, such as the bubble density generation rate due to
heated wall and bulk nucleation and bubble disintegration, the
bubble growth rate and the bubble density sink rate due to



bubble coalescence and collapse, etc.. It is these bubbles that
play a key role in the fluid voiding. So it becomes apparent
that the void fraction should be obtained by its physical
definition as

void fraction = bubble volume * bubble number density- (1)

2. Theory

In the present work, instantaneous void fraction is obtained
from Eq. (1) , since it is considered to be more physically
meaningful than the void-propagation equation derived from the
mass conservation equation. To obtain void fraction expression,
the bubble nucleation, growth and collapse rate, fluid pressure
and temperature are assumed to be symmetric to the axis of the
boiling channel. Heat flux through the wall is assumed to vary
along the channel.

Averaged equations governing the motion of a one-dimensional
two-phase flow [14] are used. The equal velocity but unequal
temperature (EVUT) approximation is applied to solve the
momentum and energy equations in steady state.

To solve for the void fraction, an additional equation,
bubble number transport equation, is employed [15];

d(NbU)/dZ = <f>so - <psi (2)

where Nb is the bubble number density, U, the bubble velocity,
0SO, the bubble source term due to bubble nucleation on the
wall or in bulk fluid and <psi, the bubble sink term due to
bubble collapse or coalescence.

The average void fraction is obtained by averaging the
instantaneous void fraction over the bubble life time.

The solution of the present work is compared to the existing
correlations, especially those used in CANDU type reactor
design and safety analysis [10,11,13]. The predicted void
fraction will also be compared to the Point Lepreau plant
simulation data [16].

3. Conclusion

A new model for steady state subcooled boiling based on
bubble dynamics is proposed. To solve for the void fraction,
the mass, momentum, energy and the bubble number density
equations are employed. The void fraction is finally obtained
from its physical definition. This is considered to be more
realistic. The model predictions are compared with some
existing correlation and plant simulation data.



The model can be applied to the steady state saturation
boiling readily if the bulk nucleation is considered. It can
also be used, in principle, to predict the flashing related to
the rapid depressurization of initially subcooled liquid when
the governing equations are considered to be non-steady.
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SUMMARY

Nuclear plants have to be designed to safely shutdown in the event of a sudden pipe rupture. To satisfy
pipe break criteria, the plants require pipe whip restraints and jet impingement shields. These structures
are expensive and impede access for in-service inspection and maintenance as well as increase radiation
exposure of personnel. In practice, however, pipe cracks produce stable detectable leaks well in advance
of unstable crack growth. This provides an alternative approach to satisfying pipe break criteria: the Leak
Before Break (LBB) approach which makes pipe whip restraints and impingement barriers unnecessary.
As part of LBB analyses, the leak rates through tight cracks have to be estimated in order to size detected
leakages and determine the margin to attain critical crack size.

Under typical nuclear reactor operating conditions, the leakage flow through cracks can flash into vapour.
The compressible two-phase crack flow may exhibit critical flow (choking). Thus, a two-phase critical
flow model is needed to treat leakages through cracks. The LEAK-RATE Version 0.01 was developed
to correlate measured leak rates to crack sizes, while ah experimental investigation was conducted at
Ontario Hydro Research Division (OHRD)2. More recently, a modification and verification process has
been undertaken to extend the range of applicability of the code.

The paper presents LEAK-RATE Version 1.03 used to estimate leak rates through cracks. The code uses
the Homogeneous Frozen Model (HFM)*. A complete description of the theory underlying the critical
flow model is provided. The critical flow model equations and the pressure loss equations along the crack
path, together, form a set of non linear equations which can be numerically solved for critical mass flux
and exit-plane pressure. A detailed review is provided for the submodels used in modelling crack path
pressure losses, since most of the semi-empirical expressions (e.g., friction factor correlation) involved are
based on pipe flow using the hydraulic diameter and length-to-hydraulic diameter ratios as scaling
parameters. Uncertainties inherent in the critical crack flow and pressure loss modelling, as well as model
assumptions and range of validity of the predictions are discussed.

The Homogeneous Non-Equilibrium Model (HNEM)5 is being developed in parallel with LEAK-RATE
Version 1.0. This is a lumped parameter model, which may be used separately as a scoping tool to
provide initial guesses for the HFM model. The HFM model, which uses a nodalized flow path, yields
the crack-path pressure profiles, exit-plane pressures and the crack discharge mass-flow rate.

An extensive database, including data from an on-going experimental program at OHRD, on experimental
leak rates was established and used to validate LEAK-RATE Version 1.0. Typical results of the pressure
profile and leak rate predictions are shown in Figure 1. Model predictions were found to be within ±25%
of the experimental data. In view of the uncertainties involved in certain model assumptions, the LEAK-
RATE Version 1.0 estimates are satisfactory within the parameter space used.



Predictions for pressure profiles agreed well with experimental data and numerical experiments provide
the same trends as experimental observation. The code predictions were further compared against those
of internationally available codes such as SQUIRT (BATTELLE/IPIRG)6 and PICEP (EPRI)7 and were
found to yield similar agreement with the experimental data compared.

In conclusion, a leak rate estimation code has been developed to design assist in leak-before-break
analyses of pressurised reactor components such as pipes, steam generator tubes, pressure tubes and
headers. The code has been validated against an extensive experimental database and benchmarked against
similar international codes.
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SUMMARY

The critical heat flux phenomenon has been investigated for stable flow of water in
vertical round tubes at low pressure and low- velocity conditions. Experiments have been
performed with round tubes of three different diameters: D = 0.006 m (L = 0.72m), 0.0088 m
(L = 0.72m) and 0.01 m (L = 0.9, 0.6, 0.3 m) for mass flux below 400 kg/m2s under near
atmospheric pressure. The following parametric effects were observed for the forced flow
CHF:
(a) Effect of Mass Flux : The CHF monotonously increased as mass flux increases from

zero regardless of the flow direction and inlet throttling for stable flow condition. The
trend was almost linear in the lower flow region but the rate of increase decreased in
the higher flow region. The critical quality (calculated by the inlet flow condition and
heat input) decreased with mass flux and merged to a lineregardless of the inlet
subcooling in the interdemiate flow range.

(b) Effect of Flow Direction : When large inlet throttling was provided, the downflow CHF
was only slightly lower than the upflow CHF. However downward flow was much more
susceptible to the instabilities leading to the premature CHF due to flow excursion in
case of small inlet throttling.

(c) Effect of Inlet Subcooling : The effect of inlet subcooling was small and obscure in the
stable low (low condition under low pressure. Effect of inlet subcooling is considered to
be a useful measure in defining the low flow region under low pressure.

(d) Effect of Inlet Throttling : The effect inlet throttling on the CHF was small in the very
low upward flow condition. It was significant for downflow condition so that even a
stable flow condition could not be established without inlet throttling.

(e) Effect of Tube Diameter: The larger diameter tube gives a higher CHF and a lower
critical quality for a fixed inlet condition. Higher CHF in a larger tube is general when
heated length, mass flux and inlet subcooling are fixed.

(f) Effect of Pressure : The effect of pressure on the low-pressure and low-velocity CHF
was significant, but it could be reflected relatively well by using the common
dimensionless variables:

G*

In addition, the following results were obtained from the experiments:
(a) Zero Flow CHF: The CHF at very low flow rate occurred due to flooding and it was

predicted well by Wallis' flooding correlation.
(b) Natural Circulation CHF: The CHF was lower in the natural circulation compared with

forced circulation. This does not agree to the findings by Mishima and Ishii for annular
test section.

The authors' empirical CHF correlation for low-pressure and low-flow CHF developed



using the data of the first 2 test sections (D = 0.006 and 0.0088 m) and others from the
published literature predicted the CHF for the third test section (D = 0.1 m) within a
reasonable accuracy. The correlation is written as follows:

qc' = The lower of [ QcL and q' ]

%L = %F + 0 0 1 3 5 1 (D')"Q473 (UD)~Q533 |G|1 '4 5 for very low flow region
--Q247 -Q501 «0770 *

QcH = %F + 0.05664 (D) (LID) \G\ for higher flow region

qcF = 1.61
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This paper presents an analysis of the conditions leading to the onset of channel flow
reversal in a series of natural circulation tests conducted in the RD-14M facility. RD-14M is a
multiple-channel pressurized water test facility with its components arranged in a figure-of-eight
circuit. A series of tests to investigate two-phase natural circulation under conditions of
decreasing primary inventory, but with no break in the heat transport system, was completed.
A brief description of the test facility and test procedure is given.

In these tests, the channel flows were found to be unidirectional in the early part of each
experiment. Then, depending on the specific test conditions, the flow in some channels reversed,
while the flow in the remaining channels continued in the same direction.

A conceptually simple flow-reversal criterion is applied to these tests: the prevailing
header-to-header pressure differential (AP^) must be sufficiently negative to overcome the
forward driving force resulting from the density gradient between the inlet and outlet feeders.
A comparison between the predictions using the above criterion and the experimental data is
made in the following areas:
(1) the magnitude of the AP^ at the onset of channel flow reversal, and
(2) which of the channels is the first to reverse.

For those tests with relatively steady APHH, AP^, was observed to become increasingly
negative as the loop liquid inventory was reduced. The mechanism responsible for the
increasingly negative AP^, is described. Using the above flow-reversal criterion, the header-to-
header pressure differential required for the onset of channel flow reversal, APrev, is computed
using experimental values as a function of time. Onset of channel flow reversal is observed to
occur when the absolute magnitude of the experimentally measured AP^ exceeds that of AP,^.
Furthermore, the criterion predicts the top channels to be the first to reverse in these tests, which
is in agreement with the experimental results for the steady flow tests.

For those tests with oscillatory APHH, the amplitude of the oscillations was observed to
increase as the loop liquid inventory was reduced. A qualitative explanation for the oscillatory
behaviour of the loop is given. Using the above flow-reversal criterion, the header-to-header
pressure differential required for the onset of channel flow reversal, APrev, is computed as a
function of time. When the experimentally measured AP^ approaches APrev, temporary flow
slowdowns are observed. When the absolute magnitude of the experimentally measured AP^



significantly exceeds that of APrev, onset of sustained channel flow reversal is observed. Applying
the above criterion to these tests, it is shown that the lop channels are not necessarily the first
to reverse. However, the above flow-reversal criterion is unable to predict which of the channels
is the first to reverse in these tests. Development of a dynamic flow-reversal criterion,
accounting for the transient and feedback processes occurring in these tests, is in progress.

A model of the below-header components in the RD-14M loop is under development.
The model has been used to predict the fluctuation in APHH required for channel flow reversal
as a function of the average APm . The model also predicts that smaller fluctuations in AP^ are
sufficient for reversal the channel flow when the net channel power is decreased. It is planned
to integrate the present "below-header" model with an "above-header" model to predict the
primary inventory at the onset of channel flow reversal. Once an integrated model is developed,
the effect of heat losses on the primary inventory at the onset of channel flow reversal can be
determined.

Funding for the experiments described in this paper was provided by the CANDU Owners
Group.
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SUMMARY

This paper presents the results of an analysis of a
series of natural circulation experiments in the multiple channel
RD-14M test facility. The analysis is performed using the
experimental data, the results of CATHENA simulations of the
experiments, and simple models.

RD-14M (Figure 1) is a multiple-channel pressurized water
test facility with the major components arranged in a Figure-of
Eight configuration similar to that in a CANDU primary heat
transport system (HTS) . Each of the two passes in the loop consists
of five horizontal electrically heated channels located at various
elevations. Both ends of each channel are connected by feeder
pipes to horizontal manifolds (i.e., headers) located above the
channels. The feeders are connected to the headers at various axial
locations and at various angles around the periphery below the
horizontal plane of the header centre similar to that in a CANDU.
The headers are connected to pumps and steam generators which are
located above the headers. The elevations of the major loop
components are representative of those in a CANDU HTS. The loop is
designed to operate at conditions (in pressure, temperture, etc.)
found in a CANDU HTS. The loop piping is insulated and the feeder
pipes are trace heated to compensate for heat losses. Nevertheless,
significant heat losses have been identified in the loop.



A series of partial inventory natural circulation tests
were conducted in RD-14M using a number of test procedures and over
a range of conditions in the primary and secondary loop parameters.
The tests were performed to obtain a better understanding of
natural circulation in a multiple channel loop geometry and to
provide a database for code validation and development. Such a
validated code could then be used to analyze natural circulation in
CANDU.

The analysis presented in this paper is an attempt to
provide the above-mentioned understanding and to assess the ability
of the two-fluid code CATHENA to simulate the tests and assist in
the analysis of the tests. The paper presents an analysis of the
experimental data, identifies the major observed physical
phenomena, and explains the underlying physical mechanisms. The
tests exhibited various physical phenomena as the loop coolant
inventory was reduced. Other phenomena are also deduced from the
test results. These phenomena are: (i) different types of
oscillations in the individual channel flows and in the flows above
the headers, (ii) two-phase thermosyphoning (i.e., cocurrent two-
phase flow over the top of the steam generator U-tubes, (iii)
reversal in the direction of the flow in some of the channels,
(iv) thermosyphoning breakdown (i.e., reduction to near zero in the
flows above the headers), (v) system pressurization, (vi) reflux
condensation, (vii) standing start phenomenon (i.e., channel heatup
from subcooled stagnant initial channel conditions), and (viii)
flow stratification in some of the channels and channel heatup.

This paper extends the analysis of the tests and the
understanding of the physical phenomena presented previously
(Reference 1) . The paper also presents simple models to predict
some of the above-mentioned phenomena and support the mechanisms
proposed previously (Reference 1) . The results of the CATHENA
simulations of some of the tests are also analyzed to enhance the
understanding of the physical phenamena and provide support for the
proposed mechanisms.
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SUMMARY

A number of thermalhydraulic experimental test programs are being
performed under the direction of the CANDUI11 Owners Group (COG). Included
are programs investigating the behaviour of components typical of a CANDU
reactor1-2 to a full-elevation, multiple-channel representation of a CANDU
primary heat transport system (RD-14M)3. A very large amount of
experimental data and information is generated by this program. This paper
describes the use of a relational database to store and facilitate access
to information (including some key experimental data) related to the RD-14M
test facility. Both general and specific information about the test
facilities and tests are stored in the relational database, including test
specific information (initial conditions, test setup, etc.).. instrument
lists, instrument histories, loop configuration histories, memoranda, and
publications. This database is employed in conjunction with data display
software to assist in the analysis of the actual experimental data.

The experimental data and information that have been generated for
COG from several test facilities are currently stored in diverse locations,
such as on magnetic tapes, in data reports containing many plots, and in
operator logbooks. Users of this data and information have found it
cumbersome to access and utilize, making analysis of the tests difficult
and slow.

Relational databases offer a means of accessing information
related to these experiments. Several databases can be constructed using a
relational database structure. Each database contains information
pertinent to the experiment, such as test specific information, instrument
lists, instrument history, loop configuration history, memoranda, and
publications. These databases can each be related by items such as a test
number, test type, date, or device code (used to identify an instrument).
Information contained in the databases can be easily accessed, whether it
is by browsing through the database(s), or by performing a search or query.

I1! CANada Deuterium Uranium. Registered trademark of AECL



The relational database is being developed and implemented on a PC
using the commercial database management software package FoxPro (Fox
Holdings, Inc.)- FoxPro was chosen for its versatility, user friendliness,
and speed. Some additional features found to be useful are the following:
the option for using the mouse and/or keyboard; the easy implementation of
changes to the structure of databases, i.e., add/delete/modify fields of a
database; the capability to update, i.e., add/delete/modify records in a
database, in a number of ways; and the ability to create customized menus,
thus allowing easy access to pre-programmed procedures and commands.

Databases will be set up for a number of thermalhydraulic test
facilities, starting with RD-14M. Several "separate but related" databases
have been identified that collectively describe the experimental facility
configuration, the loop instrumentation history, the configuration for
individual tests, the test conditions, and the referencing of documentation
produced from the experimental program. A block diagram of these
databases, showing the underlying relationships between fields in the
databases, is given in Figure 1. Connecting arrows indicate the
relationship between databases.

Experimental data has not been included in the databases, as there
is a data display package, IsoVu (Isograph Engineering & Computing pic),
used to aid in the analysis of experimental results. Data is displayed in
a number of ways, such as "animated" graphics and plots. The reader is
referred to Reference 4 if interested in the application of IsoVu to
RD-14M. IsoVu will be used in conjunction with FoxPro as part of an
overall scheme to assist in the analysis and organization of the
experimental data and information.

This paper describes the design of a database for RD-14M, and
discusses the relationships between the various databases and the
information contained in the databases. The present status of the
relational database, along with the future direction to extend the database
development program to other test facilities, is discussed.
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NUMERICAL SOLUTION OF THE WATERHAMMER EQUATIONS
BY THE METHOD OF CHARACTERISTICS AND

COMPARISON AGAB4ST EXPERIMENTAL RESULTS

Ajit P. Muzumdar
Nuclear Safety Department

Ontario Hydro

SUMMARY

A mathematical model is derived to predict waterhammer transients in a network of pipes.
The continuity and momentum equations are solved using the method of characteristics. The
resulting difference equations are solved numerically in a computer code WHAM written
specifically for this study.

A key input parameter in the model is the pressure wave velocity in each pipe section. A
fundamental understanding has been obtained of the principle factors which affect this wave
velocity. In particular, the role of non-condensible gas bubbles in the water and elastic/plastic
straining of the calandria tube has been explained and quantified.

The model has been used to explain the waterhammer phenomena observed in a number of
tests performed at very high pressures and temperatures, which are not usually encountered
in the literature. Extremely good agreement has been obtained between the results of the
model and the experimental data. The sensitivity analyses indicate that the model is robust
for the very rapid transients which have been simulated.

The main conclusions of the study are that the waterhammer effect decreases with decreasing
flow rate into the annulus, decreasing pressure wave velocity in the calandria tube, and
increasing flow discharge out of the annulus. The first two parameters decrease with
increasing temperature, so that "low" subcooling conditions tend to produce less severe
waterhammer than "high" subcooling conditions. However, the major decrease in pressure
wave velocity is due to the presence of nitrogen gas in the annulus, and the elastic/plastic
strain of the calandria tube. It is inferred from the tests that the latter effect can produce a
pressure wave velocity less than the sonic velocity in air under normal conditions.
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RADIOTHERAPY COMPENSATORS FOR
AN UNSPECIFIED TARGET DOSE

Alexandar Djordjevich

Atlantic Nuclear Services Ltd.
Box 1268, Stn.A, Fredericton, N.B.

E3B 5C8, Canada

S U M M A R Y

An excessive dose received by healthy tissue during radiation cancer treatment may
produce unwanted biological damage. Since a minimum prescribed dose to tumour
tissue is to be delivered, one is concerned with the dose levels at various locations. The
inhomogeneities of the human body cause the radiation beam to be attenuated unevenly,
while the irregular shape of the body causes different path-lengths for different portions
of the beam. Therefore, some compensation for these sources of uneven radiation
effectiveness is needed. "Compensating filters", by selective pre-attenuation of parts of
the beams, offer the potential of gaining higher control over the dose distribution. Thus
for example, a filter with the wedge-like cross section applied over an inclined body
surface, can compensate for that surface not being perpendicular to the beam axis. The
wedge filter used in this situation is called the "missing-tissue" compensator, for it
compensates for the shape of the human body not being box-like.

As it is unlikely that two patients have identical distribution of tissues and an identically
located tumour, a given filter shape can not satisfy requirements in higher precision
radiotherapy. More comprehensive design of filters is necessary for production of
individualized "variable-thickness" compensators. Information on the body
inhomogeneities (bone attenuates faster than lung) is available in a form of the CT-data
stored in the computer that supports the scanner. Calculated filter thicknesses can be
fed into a numerically controlled milling machine for automated manufacture of filters
(usually lead plates below 20x20 cm).

Naturally, at least one radiation beam has to be applied for the irradiation to take place.
For applications with the target zone (tumour) located deeper inside the body, a single
beam arrangement is usually not suitable - the healthy tissues through which the beam
has to pass on its way to the target zone would receive a higher dose than the tissue in
the target zone. Therefore, multibeam radiation treatments havs to be employed to allow
concentration of a number of beams to the target area (allowing each individual beam to
be of lower intensity and hence to cause fewer side effects to healthy tissues traversed
by the individual beams). This, however, introduces additional problem of adjusting the
intensities of the applied beams relative to each other.



A number of attempts have been made to design radiotherapy compensators1. A method
to achieve the optimal design of radiation compensating filters in multibeam situations has
been reported1'2. That method optimized body dose distribution such that it spatially
matched the prescription in the target zone, was minimized everywhere else, and did not
exceed designated limits at selected vulnerable regions (regions where the dose limit is
prescribed). It was a quadratic mathematical optimization method based on the
minimization of the variance of doses received by tumour points relative to the
prescription. Hence, a desired tumour dose (or its desired distribution in general) had to
be prescribed. The "quadratic" method has been implemented into the commercial
radiotherapy system ("Theraplan 300L", Theratronix International, Ltd.).

This paper presents a method of solving a similar problem in those cases when the
wanted tumour dose (distribution) is not known in advance. Therefore, instead of
targeting a specific prescription over the tumour, which the quadratic approach did, the
method presented in this paper is aiming at a general maximization of the tumour dose -
subject to the same two additional criteria that i) provide that the dose at vulnerable

regions is within designated limits, and ii) minimize the exposure of the healthy tissue.
This method utilizes linear mathematical programming. The patient is represented via
three sets of points fixed in space : healthy, vulnerable and tumour points. "Vulnerable"
points are points which have a specified dose limit, and are either healthy or tumour
points. Some or all tumour points may have a minimum or maximum (or both) required
tumour dose prescribed, and some or all healthy points may have upper limit on tolerable
dose prescribed. Clearly, imposed constraints on maximum allowed dose to designated
points and minimum required dose to tumour points may constitute an over-constrained
system with no solution, meaning that the proposed arrangement is physically impossible
and corresponding compensators can not be designed. Alteration to imposed constraints
on radiation dose or addition of a larger number of radiation fields may be necessary (the
method will eliminate redundant fields or portions thereof). Upper limits to tumour dose
may also be imposed if desired (for example in order to achieve tumour dose uniformity).

The linear method presented here is not meant to be a replacement, but a supplement
to the said quadratic approach2 since the application domains of the two complement
each other. The two methods share a common basic concept and an analogous
mathematical development.
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REACTOR NOISE MEASUREMENTS AND SIGNAL PROCESSING
METHODS FOR PROCESS MONITORING AND DIAGNOSTICS

Oszvald Glockler and Armando M. Lopez
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Abstract

The paper discusses some details of a reactor noise analysis program aimed at es-
tablishing a reference database of process noise based statistical signatures under various
steady-state operating conditions of CANDU units. The established database may be uti-
lized in (a) the cause-and-effect analysis of the measured sets of process noise signals, (b)
extracting plant parameters and (c) detecting process and sensor anomalies. The planned
series of noise measurements includes periodic data acquisition and statistical analysis of
the fluctuating components (noise) of process signals measured by the standard instrumen-
tation of reactor core and primary loops, such as the horizontal and vertical in-core SPNDs
used in the shutdown and flux mapping systems, ex-core ion chambers, pressure transduc-
ers, channel-exit RTDs, flow meters, pump and core Ap differential pressure transducers.
Fast Fourier transformation (FFT) and multi- and univariate autoregressive (MAR and
UAR) modeling techniques are used to extract frequency dependent statistical signatures
from the measured multichannel time series noise data. The following statistical functions
can be generated in the frequency and time domain: auto- and cross-power spectral density
functions of the noise signals and those of their inherent components, global and partial
coherence and phase functions, global and partial noise source contribution ratio functions
and direct transfer functions, auto- and cross-correlation functions, drop/impulse response
functions, signal time constants. The single- and multiple-hypothesis tests based on the
sequential probability ratio test (SPRT) of MAR- and UAR-based residual time series are
also applied to detect and separate anomalies in the sensors and the process.



NEUTRON DOSIMETRY AND SPECTROSCOPY USING BUBBLE
DETECTORS AND AN ANTHROPOMORPHIC PHANTOM

Hugues W. Bon in, Guy Desnoyers* and Thomas Cousins 2
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Electronics Division
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Contrary to land-based nuclear reactors which have very
thick radiological shielding which contains essentially all
neutrons, on-board nuclear submarine reactors have a greater
fraction of the escaping radiation dose consisting of
neutrons due to the smaller shields necessitated by weight
and volume restrictions. New radiological results from low
dose experiments suggest a greater biological risk from
neutron radiation than previously thought (1). The need for
more accurate neutron dosimetry on board a nuclear submarine
is therefore obvious.

In order to obtain accurate experimental data, an
anthropomorphic phantom was outfitted with bubble neutron
dosimeters and spectrometers and irradiated at a distance
of 170 cm from a Californium-252 source. The anthropomorphic
phantom used was a Humanoid RT-200 (2) embracing a human
skeleton encased in tissue equivalent plastics - one for
the lungs and another for the bulk of the body. The bubble
detectors, as originally developed by Ing (3), consists of
superheated droplets of a detector liquid dispersed in an
elastic polymer gel. The principle is that the neutrons
interact with the detector liquid, initiating bubble
nucleation due to the locally deposited energy. The bubble
grows and is trapped by the gel at the irradiation site.
It is then a simple matter to count the bubbles to obtain
a measure of the fluence or dose.

In order to determine the Free-in-Air Kerma and to
establish a baseline to verify consistency of the results



with the BD-100R detectors which measure all neutrons with
energy above 100 keV. For each of the irradiation runs, the
responses from the 12 detectors were summed up and averaged,
giving a kerma rate of 0.58±0.06 mrad/h.

The scattering contribution was determined by placing a
shadow bar of mild steel in the line of sight between the
source and the standard position of the Mid Line Free - in -Air
Kerma, and irradiating three detectors. The measured scat-
tering contribution was 0.13±0.02 mrad/h. The theoretical
plus scatter value was determined as 0.56±.0.06 mrad/h, for
a very good agreement with the corresponding measured value.

The Humanoid RT-200 anthropomorphic phantom was irra-
diated facing, left side to, and back to the californium-252
source and the dose rates at several external and internal
locations were measured using the BD-100R reusable neutron
detectors, permitting the investigation of the effect of the
dosimeter location on recorded dose. The selected locations
were: front gut, middle gut, back gut, left wrist, right
wrist and chest.

Table I presents the kerma rates measured in terms of
transmission factors which are defined as the ratio of the
kerma rate at the detector location divided by the Mid Line
Free-in-Air Kerma average value.

A second set of measurements was carried out using the
BDS bubble spectrometry set which consisted in 18 bubble
detectors in six groups having neutron energy thresholds
of 10 keV, 100 keV, 600 keV, 1.5 MeV, 2.5 MeV and 10 MeV.
To obtain crude spectral information from the set, a simple
specttal stripping algorithm was used here, consisting in
substracting the responses of higher energy-level detectors
from the response of the detectors corresponding to the
energy level of interest. For this part of the project,
the counting statistics yielded significant experimental
errors which were further increased through the spectrum
unfolding technique, ending in poorly accurate dose
rates at the lower neutron energies.



As Table I shows, (along with other results), there is
a large variation in measured kerma rates with dosimeter
location. It was found that this variation may be as much
as a factor of 16 (for the back gut location) as the phantom
is rotated with respect to the source. For an ideal dosi-
meter, the dose reading should not be dependent on the
dosimeter position since this may yield mesaured doses
significantly smaller than doses actually received by
individuals wearing the dosimeter. The large variation of
the readings observed has led to suggesting the use of at
least two dosimeters. When averaging the response from
pairs of dosimeters, such as the front gut and back gut
dosimeters, the variation of the response with respect to
the orientation of the phantom was much less pronounced, the
ratio of the highest averaged dose response to the lowest
being typically 1.3±0.5.

The results from the BDS spectrometer set displayed
good accuracy for the highest neutron energies to poor
accuracy for the less energetic neutron doses, due to the
accumulation of error in the spectrum unfolding calcula-
tions. The Watt spectrum curve could be crudely reproduced
from the dose readings with the BDS detectors, and the kerma
rates from the readings of the BD100R and the BDS bubble
detectors that could be compared were within 20% discre-
pancy.

Neutron transport in air and energy deposition on and
in an anthropomorphic phantom, from irradiation with a
californium-252 neutron source, were investigated using
superheated drop bubble detectors as dosimeters and spec-
trometers. The results from the BD-100R detectors were
accurate and revealed a strong dependency of the response
with the location of the detector in and on the phantom, and
with the orientation of the phantom with respect to the
neutron source. From this, it is recommended that at least
two detectors should be worn at different locations on the
body, (the front gut and back gut being preferable). The
averaging of the detectors responses was found to be quite
independent of the body orientation and close to the actual
dose received.



The Bubble Detector Spectrometer set (BDS) provided
limited useful information. These detectors did not display
the same repeatability as the BD-100R detectors, and the
error accumulation in the spectrum unfolding process made
the results poorly accurate. Considering that these detect-
ors are still under development, this study showed that
these detectors have potential for such applications and
identified areas needing improvement.
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TABLE I

Transmission Factors for Different Detector Locations
and Various Phantom Orientations.

SOURCE: Californium-252

TARGET: Humanoid RT-200

STRENGTH:(1

DETECTOR: Bubble Detector Model

.20-

BD-100R

Transmission Factor

Location

Front Gut

Middle Gut

Back Gut

Left Wrist

Right Wrist

Chest

Phantom

Front

1.42

0.38

0.09

1.15

1.15

1.23

Orientation

Left

0.

0

l

1

0

l

Side

85

09

.08

.41

.12

.01

Back

c.

0.

1.

1.

1.

0.

14

36

49

15

15

16

0.11)Xl07n/s

AVERAGE

0.80 -

0.28 -

0.89 -

1.24 -

0.81 i

0.80 -

0.64

0.16

0.72

0.15

0.59

0.57



A SAMPLING TECHNIQUE FOR
IDENTIFYING MOBILE FRACTIONS OF RADIONUCLIDES IN SEDIMENTS

M.P. Smith and M. Kalin

Boojum Research Limited, 468 Queen St.E.,
Suite 400, Toronto, Ontario, Canada M5A 1T7

The aquatic ecosystem of a small (20 ha) northern Saskatchewan lake (Lake 1) is
being modified to serve as a self-sustaining biological 226Ra treatment system1.
Experiments have been undertaken to establish underwater meadows of macrophytic
algae, Nitella flexilis. These algae will adsorb, filter and relegate 226Ra to the
underlying anoxic sediments. N. flexilis belongs to the Characeae, an algai group with
excellent radionuclide2 and metal3 uptake capacities.

The long-term stability of 226Ra in the sediment formed by the algae and the natural
flux arising from such sediments is being investigated. In mineralized zones associated
with mining operations, it can be expected that a natural flux of 226Ra occurs from
other sediments not formed under a Characean underwater meadow. This paper
reports on the concentrations of 226Ra in sediment interstitial solutions collected from
different sediment types.

Sediment interstitial solution samplers were designed and constructed after Hesslein4

and Carignans, such that the samplers yielded enough solution for radionuclide
analysis. The samplers were recovered over different time intervals covering all
seasons within a year.

These samplers are tubular acrylic chambers 50 cm long, and contain a 120 ml volume
of de-oxygenated distilled water when inserted into the sediment. A 0.45 /im
polysulfone membrane spanning the length of the chamber was chosen, which is
resistant to microbial degradation. The pore size defines that only dissolved compounds
will exchange by diffusion between the sediment and .he chamber solution6.

In June 1989, interstitial solution samplers were implanted at 40 cm depths at three
locations in the lake, as well in sediments in a second lake downstream (Lake 2; see
legends in Figure 1). Samplers were removed the sediments and contents analyzed for
major cations including 226Ra after 14, 41, 91 and 268 days after implanting. In
September 1990, samplers were implanted again, but in different sediment types and
locations within the lake system. These samplers were recovered 268 and 324 days
after implanting.

Concentrations of elements including 226Ra were determined in sediment cores and the
overlying waters sampled at the time of sampler implantation and recovery.



Equilibration of the sediment interstitial solution with the sampler solutions occurred
before 14 days of incubation (Figure 1). Dissolved concentrations of 226Ra were
relatively constant over the following months. Within Lake 1, organic sediments
contained lower concentrations of mobile 226Ra than was found in the clay-like fraction
of mine slimes forming a delta in Lake 1, or in sediments which contained a higher
proportion of sand and gravel substrate. Natural sediments in Lake 2 and those in the
Bog, which represents a sediment formed by Characeae, yielded very similar
concentration ranges of mobile 226Ra. Comparison of the two delta stations indicate
that mobile 226Ra concentrations in sediment can vary drastically with respect to
location.

It can be concluded that a sediment formed under a Characean underwater meadow
will yield a relatively constant fraction of mobile 226Ra.
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Summary

A system has been partially developed and installed at Point
Lepreau that permits the simultaneous monitoring of live and
historical plant data from a number of sources including the
Station Control Computers (DCC's), the Safety System, Chemistry
System, and D20 Vapour Recovery System Monitoring Computers.
The system consists of a Banyan "7ines Local Area Network / File
Server system, a Gateway Computer System, several Generic
Monitoring System Computers, and a dedicated tape archive
system. Depending on the system, two or six second resolution
of all data points that are nonitored by their associated
systems will be stored on the LAN server for instantaneous and
historical data retrieval at MS DOS or OS/2 based work stations
that exist throughout the plant. This system will give System
Engineers and Analysts the ability to monitor present and past
real time operations from their desks.

This paper will describe the hardware and software systems that
have been and will be used to implement the system.

The following hardware systems are used:
- The DCCX & DCCY 80x86 Gateway Computers.
- The Generic Monitoring System Computers.
- An Ethernet active hub that has both fibre optic and
thin wire coax capabilities.

- A rack mount 80x86-based file server that has over a
gigabyte of hard disk storage capacity.

- Ethernet connections to various work stations that exist
throughout the station including in the work stations
that exist in the administration buildings.

- A 'juke box1 helical scan tape storage and retrieval
system.



Data is written to each Gatev/ay Computers by its associated
Station Control Computer. Various software systems were
developed or modified to output data from the DCC's to the
Gateway Computers.

Data will be collected by selected programs in the DCC's that
process the data of interest. This data will then be output
to the Gateway Computers by a program named GV7O (Gateway
Output) . Finally the data will be received in the Gateway
Computers by software that will to process, and store the data
in the file server.

The file server also has data written to it from the Generic
Monitoring System Computers whose operation is dcr-.uiled in a
paper that will be presented in this conference by A.D.
Rosevear. The title of the paper is 'The Generic Monitoring
System'.

The hard drives in the file server have the capacity to
historically store about four days of plant data. This data
will be available to be retrieved by the SEMS (System
Engineer's Monitoring System) software system which executes
on IBM AT class computers that are connected to the LAN.

Archiving of the data will be on an Exabyte helical scan tape
system that is capable, with compression, of storing
approximately 10 gigabytes of data on a single tape. The
jukebox system will have the facility to retrieve data from up
to ten such tapes. Software will provide facilities for
automated retrieval of data from any tape that is installed in
the juke box. This will provide approximately one year's worth
of online plant data. Computer operators will load older tapes
than the ones that exist in the juke box upon request. Thus
once in service, a continuous electronic record of high
resolution live plant data will be available for the rest of
the life of the station.

At the time that this summary was written, all hardware with
the exception of the juke box system was installed at the
station. Most of the programming for the system was completed
and it was scheduled for installation by tho end of February
1992. Therefore when this paper is presented, it should be
possible to give a demonstration of the SEMS system while it
is monitoring live plant data via telephone lines from Point
Lepreau.
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SUMMARY

After about 90 channels had been refuelled at power in the Darlington N.G.S. Unit 2 reactor,
damaged fuel from the outlet bundle of the N12 channel prevented refuelling of that channel.
A subsequent video inspection of a number of channels showed the end plates of many outlet
bundles in the two columns of channels either side of the reactor centreline were cracked. This
information initiated a multi-disciplined investigation into the cause.

As one part of the effort to understand the problem and develop solutions, the metallurgical team
was asked to determine the mechanism of failure and to provide information on the conditions
causing failure and when failure had occurred.

The investigation covered reviews of the bundle fabrication procedure, the properties of the
welds where failures had occurred and the possibility of influences such as hydrogen or other
factors such as corrosion on the propensity for failure.

Eventual examinations of the failed bundles at Chalk River Laboratories revealed fatigue as the
mechanism of failure. Cracks developed from the weld between the end plate and the end cap
of the fuel pin and propagated through the end plate. Fatigue studies were initiated to develop
failure criteria for the weld geometry, and to establish from crack propagation behaviour features
that could be correlated to those seen on field failures. These studies enabled estimates of the
amplitude of end plate deflection required for fatigue failure to be made and showed that the
stress amplitude experienced by end plates was just above the threshold fatigue stress level.

Oxide thickness measurements, using a recently developed infrared interferometry technique,
provided information that by correlation with the published literature and, by comparison of
fracture surface oxidation and virgin surface oxidation, enabled an estimate of times since
fracture. The many difficulties of the dating procedure are yet to be overcome, but the current
interpretation indicates failures occurred during a period when the reactor was at full power, or
a period when the reactor was at 65% full power, just prior to shutdown.

Fretting studies have also provided information on the vibration of the elements and complete
bundles during operation. These indicate both the centre rings of pencils of the outlet end
bundles move relative to the outer pencils. Individual pencils in the rings vibrated transversely
and fretted each others' spacer pads. Fretting studies indicated the fuel string was subject to
axial oscillation.

Loop tests, set up to place strings of bundles under probable reactor conditions, produced bundle
failures with pressure pulses at 150 Hz, the pump passing frequency, at pressure pulse
amplitudes predicted to occur in the channel. Examination of these failures showed a good
similarity to field failure cracking patterns and fracture characteristics.

The metallurgical investigation concluded that the. end plate failures were low amplitude fatigue
which occurred during hot operation. The predominant mode of failure was end plate oscillation
about a mean amplitude induced predominantly by pressure pulsing.
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SUMMARY

FUEL INSPECTIONS AND EXAMINATIONS

During November 1990, Darlington Unit 2 was routinely refuelled by inserting new
fuel into the outer channels, and recycling removed low burnup fuel into the central
channels. On November 30, an attempt to insert recycled fuel into channel N12
was unsuccessful. Following the failure to refuel N12, the fuel carrier and its fuel
was discharged to the spent fuel bay and inspected. The inspection revealed fuel
element fragments embedded in the leading recycle bundle.

Detailed inspection revealed that some of the central elements from the outlet
bundle of N12 had separated from the bundle and washed out into contact with the
shield plug. When the shield plug was removed, the elements likely moved further
into the end fitting. The attempt to insert fuel during the refuelling broke these
elements and jammed them into the recycle bundles.

Video camera inspections of downstream endplates of fuel in many other channels
was undertaken to assess the extent of fuel damage. This revealed a number of
downstream endplates with cracks in them, showing that the damage was not
restricted to N12. However, most of the damaged fuel was confined to channels in
the central region of the core, in columns 12 and 13.

An extensive fuel removal, bay inspection and hot-cell examination program was
initiated. To-date from Unit 2, more than 250 bundles have been inspected, and 17
bundles have been examined in AECL hot-cells at Chalk River and Whiteshell. In
addition to confirming endplate cracking, this program has revealed significant
bearing pad wear, endplate wear and interelement spacer wear, in some channels
and bundle locations.

Fuel damage was found in the following forms:



- Endplate cracks have been confirmed in fuel from seven channels. Cracking
can occur in both upstream and downstream endplates. It is generally
limited to downstream bundles #1 and #2; but has been observed in bundle
positions #3, #4, #5, #8 and #9.

- Severe inlet bundle bearing pad wear on the spacer sleeve of channels K12
and K13, which had the most extensive endplate cracking. Moderate
degrees of this type of wear have been observed in channels with no
cracking.

- Severe interelement spacer pad wear in channels containing cracked fuel,
primarily in inlet bundles and cracked outlet bundles.

- Definite endplate to endplate wear, which had never been noted before, was
extensive in some channels where cracking had occurred. The depth of
wear was found to be up to 0.25 mm

FUEL CHANNEL EXAMINATIONS

Information from the fuel inspections showed severe fretting of the upstream
bearing pad of the inlet bundles in the channel on the spacer sleeve. Detailed
examination of the K12 and K13 pad profiles indicated that the fuel may have
fretted in two or three positions relative to the fuel channel, with a "quiet" period in
between.

Further investigation of the fuel channel design, "as built" tolerances and the new
and irradiated fuel string lengths provided some guidance to the timing of the
failures in the reactor. Incorporating possible fuel channel creep effects began to
suggest that the failures occurred early in the reactor life rather than later. As the
fuel channel creeps and the fuel undergoes irradiation it becomes more difficult to
assess the precise positioning of the fuel on the spacer sleeve and hence the
timing of the fretting.

Fuel inspection results also revealed significant bearing pad wear in other positions
on the fuel and not only for the inlet bundle. Whether this had caused significant
damage to the pressure tube was not answered until June 1991 when a CIGAR
inspection of the inlet one and a half bundle positions of K13 and C10 was carried
out.

The results were not very encouraging with a large number of fret marks seen in
the tube of K13. CIGAR results indicated a maximum depth of 0.5 mm in the
bottom of the pressure tube caused by one of the inlet bundle mid-plane bearing
pads. Further review of these results indicated that the deep fret mark at this
location was about the width of three to four bearing pads and appeared to have a
definite step in the bottom of the mark. It was noted that this channel had been
refuelled on November 22nd 1990 and it was therefore concluded that the fret mark
had been made by two bearing pads from different bundles.

Further inspections could not be conducted until 1991 October when K12 and Q12
were inspected. These results also were not very encouraging in that K12 had
approximately 60 fret marks varying in depth from <0.1 mm to 0.25 mm and caused
by bearing pads at the bottom of the pressure tube along most of its length. An



observation of the distribution of fret marks was that the upstream and downstream
bearing pads of the inlet bundles tended to fret the tube whereas the mid-plane
bearing pads fretted the outlet end of the pressure tube. Channel Q12 had no
significant fret marks.

Three mouldings were taken at the location of the deepest fret mark in K13 which
provided some interesting results. It became clear that the deepest fret mark was
created by two bearing pads at two different times. There was also a slight
indication that a third bearing pad had fretted the tube. This may have been
caused by some rotation of the inlet fuel bundle.

As the D2 Return to Service program begins more pressure tube data will become
available and provide a better understanding of the causes of the fuel damage.



Dating the Fractures in Darlington Endplates
Front Oxide Thickness Measurements

by

V.F,Urbanic*, M.A.Maguire* and N.Ramasubramanian**

Attempts to date the occurrence of fractures in Darlington Unit 2
endplates were made by comparing the oxide thickness on fracture
surfaces with that grown on the normal, unfractured surfaces.
Fourier Transform Infrared Reflection (FTIR) spectroscopy, a well
established non-destructive, non-contacting technique for very
accurate measurements of oxide thickness was used. The technique
is capable of detecting differences in oxide thickness of as
little as 0.005 tim. The instrument was calibrated against
preoxidised Zircaloy-4 standards whose oxide thicknesses were
determined gravimetrically from weight gain. A normal variation
in oxide thickness of +/- 0.025 nm was measured for the thermally
grown oxides on the standards. Little variation in oxide
thickness due to differences in the underlying metallurgical
structure was noted for thin oxides (<2 jam), based on actual
measurements from the heat-affected, transition and as received
zones of irradiated fuel cladding.

The measured oxide thicknesses on Darlington NGS Unit 2 endplates
were generally less than 2 /im. The oxide thickness on the
fracture faces was always less than that on the normal surfaces
indicating that fractures occurred sometime after initial reactor
startup. In addition, the oxide thickness did not vary
dramatically over the fracture surfaces suggesting that the
fractures were discrete events and not progressing with time.
Estimates of when the fractures most likely occurred were made on
the basis of the measured oxide thicknesses, a temperature
dependence derived from the endplate data and typical Zirealoy-4
oxidation kinetics inferred from the literature. The accuracy in
determining the age of old fractures is limited because of the
cubic nature of the oxidation kinetics. Based on the findings to
date, most of the fractures in DNGS Unit 2 were initiated at
least 40 days before the reactor was shut down in January 1991.
Some fractures however were initiated as early as about 15 days
before reactor shutdown. The most reliable dating estimates are
based on measurements from fractures in out of flux positions on
unshuffled fuel. Larger uncertainties exist for cascaded fuel
and unshuffled fuel residing in the neutron flux. The
assumptions and methodology used for dating the fractures will be
described and the potential sources for uncertainty addressed.

* AECL Research, System Chemistry and Corrosion Branch
** Ontario Hydro Research, Corrosion and Tritium Technology Section



MECHANICAL FATIGUE SIMULATION TESTING OF FUEL BUNDLES AND
SPECIMENS FOR END PLATE FAILURE

Michael Gabbani, Tim Richards, E.G. Price

AECL CANDU
2251 Speakman Drive
Mississauga, Ontario

Canada L5K 1B2

SUMMARY

During normal refuelling operations at the Darlington Nuclear Generating
Station Unit 2 (DNGS2) reactor, damage was discovered on the outlet bundle of the N12
channel. Subsequent inspections revealed that a number of the high-powered channels had
end plate cracks on the outlet fuel bundles and that fretting damage had occurred. As this
raised concern, a multi-disciplined investigation was launched into the problem.

As investigations on the failed fuel bundles done at CRL later confirmed
fatigue as the mechanism of end plate failure, an experimental out-reactor program was
conducted to investigate the response of fuel bundles under dynamic conditions. The
objective of the program was to develop failure criteria for the weld geometry for different
modes of vibration (axial and transverse) and correlate the findings with those seen on field
failures.

The axial bundle fatigue tests from the experimental program produced
through wall end plate failures. The end plate fractures were associated with the welds and
the point of initiation appeared to be at or near the tip of the weld notch between the end
cap spigot and end plate. Fractographic and metallographic examination carried out on
selected fracture surfaces compared favourably with the microscopic features noted on the
end plate fractures from DNGS2. However, not all the fracture surfaces unique to DNGS2
(e.g., striation spacing, crack location, crack shape, initiation/propagation angle, surface
roughness, fracture surface damage, black eye, etc.) were present. The absence of the
black eye associated with the crack initiation stage of field failures and the discrepancy
between location of cracks with respect to the end plate were the major differences noted.
The differences are thought to be caused by the tests not reflecting the correct loading
conditions and/or environmental conditions that the bundle experienced at Darlington
during operation.

Axial fatigue tests conducted to study crack initiation and propagation rates
through the end plate revealed no unusual findings. The crack growth behaviour results
followed a typical da/dn vs. Ak sigmoidal curve (e.g., three regimes of fatigue crack growth
response). Furthermore, it was demonstrated that the crack initiation period was less than
50% of the fatigue life (normally this is 90% under high cycle fatigue conditions)
highlighting the notch effect of the weld periphery.



As other theories have suggested that transverse bundle vibrations could
contribute to end plate failures, a second series of vibration tests were conducted. The tests
were also justified as results from the axial fatigue tests did not entirely satisfy the typical
features characteristic of DNGS2 fractures.

The results produced from the lateral vibration tests were comparable to
DNGS2 fractures. However, significant differences existed in the amount of fretting
damage on the fracture surface, and in the degree of secondary cracking. More fretting
damage and a higher degree of secondary cracking was observed on the simulation tests.
An interesting feature observed in the simulation tests was the black eye effect in the
vicinity of the initiation area. This feature was common to all DNGS2 fractures.

The results from the test program indicated that both axial and transverse
bundle vibrations are likely to cause end plate fatigue failure. However, the tests were
unable to duplicate all of the fracture features unique to the DNGS2 end plate failures.
This implies that perhaps a more complicated mode of vibration was in operation when the
fuel failures occurred at Darlington.

It is also conceivable that the inability to accurately reflect in-reactor
conditions contributed to the marked differences in fractures.
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DEVELOPMENT OF FATIGUE FAILURE CRITERIA FOR DARLINGTON
FUEL BUNDLE END PLATES

E.T.C. Ho, G.K. Shek, M.L. Vanderglas and M. Leger
Ontario Hydro Research Division

800 Kipling Ave
Toronto, M8Z 5S4

Fatigue testing of small specimens at both room temperature and
310°C has established the fatigue limits for end plate-to-end cap
welds for Ontario Hydro 37 element fuel. These results indicate a
significant stress concentrating effect of the geometry of the weld
notch. This paper describes the experimental test program and
results as well as simple stress analysis of the test specimens.

A program of fatigue testing of end plate-to-end cap welds was
initiated by the Metallurgical Team of the N12 Investigation
Committee when fatigue was first proposed as a probable mechanism
of cracking of the end plates. This proposition was based upon
stress analysis by GEC which had indicated that there were
locations of very high stress in the 37 element bundle under
Darlington flow conditions. Cyclic loading limits had been
calculated based upon data on Zircaloy available in the
literature/1/ combined with an assumed stress concentrating effect
of the weld of a factor of five. The objective of these tests was
to establish the fatigue behaviour for the weld under conditions
which simulated bending of the endplate due to axial flow variation
or pressure pulsation.

The experimental program tested small specimens prepared by both
major fuel manufacturers using their usual manufacturing welding
technigues. Specimens were manufactured to have the axis of bending
for the test in the two principal directions of the sheet from
which the end plates are made. Some initial tests examined the
effect of stress frequency. Tests were carried out at both low and
high R-ratio (minimum load:maximum load). The results of this test
program are summarized in Figure 1 which includes a curve
representing the results of O'Donnell and Langer/1/. These results
indicate an effective stress concentration factor of four due to
the weld geometry. They also indicate a significant effect of
R-ratio consistent with that expected, viz., higher R-ratios
produce failure in a smaller number of cycles at the same stress
amplitude. Manufacturer, plate orientation, frequency of testing
and temperature were all found to have minor effects on the results
obtained.

Metallography and fractography were used to characterize the crack
propagation features produced in this testing program. These
results were used to aid in the interpretation of characteristics
of the in-reactor fuel bundle failures.



Stress analysis of the specimen was carried out in order to allow
a prediction of conditions that would lead to failure of the
endplates in-reactor. The stress analysis was done in a simple
manner which was consistent with the bundle stress analysis carried
out by GEC. This evaluation showed that stress fluctuations with
amplitudes of about 7% of the mean stress of critical areas of the
downstream endplate of the number one bundle were sufficient to
cause failure in large numbers of cycles.

Reference:

1. O'Donnell, W.J. and Langer, B.F., "Fatigue Design Basis for
Zircaloy Components", Nuclear Science and Engineering,
Vol. 20, 1 (1964).



Summary of Fatigue Tests
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Fuel Testing to simulate a Darlington Channel and Fuel Damage

by

E.K0hn and G.Hadaller

Summary

The fuel damage in some channels of Darlington Unit-2 resulted in the breakage of end plates,
spacer wear on the inner elements , and wear of the end plates between bundles. The detailed
examination of the fuel indicates that the damage to the end plates was a result of fatigue.

This summary focuses on the experiments which were key in developing the understanding of
the behaviour in the channel. The paper provides the evidence of the significant damage
mechanisms to the fuel in Darlington Unit 2.

The main conclusions of the loop tests are:

- pressure pulsations can cause the end plate of the latched bundle to deflect (dome) to
the extent that fatigue failures could be expected. The deflection can occur at the same
frequencies as the pressure pulses and at frequencies up to 300 Hz.

- endurance testing cold demonstrated that fatigue failure of the end plates could occur
at around 150 Hz.

- an additional test at 136 Hz demonstrated all the significant damage features which are
evident in the Darlington Unit 2 fuel channels:

1) fatigue failure of the end plates,

2) excessive spacer pad wear between the intermediate and inner ring elements

3) end plate to end plate wear

4) excessive wear on the bearing pads of bundle 13 and other bundles along the
channel

- Low frequency tests were conducted to examine whether the inlet bundle rocking was
affected by the 150 Hz pressure pulsing or by other very low frequency pulses. The
largest response to bundle rocking occurred at about 16 Hz. Little effect was observed
due to the other superimposed frequencies. The inlet bundle rocking was only increased
transiently when the very low frequency pulse was very large.

The response of the inlet and outlet bundles were measured and it was concluded that
significant movement can occur in phase, out of phase, at 90 degrees, at random, and in







TOWARDS A NEW REGULATORY REGIME FOR
NUCLEAR OPERATOR CERTIFICATION

R. THOMAS, MANAGER, OPERATOR CERTIFICATION DIVISION

Atomic Energy Control Board,
P.O. Box 1046,

Ottawa, KIP 5S9.

Among the numerous activities of the Atomic Energy Control Board (AECB) staff that are
related to reactor regulation are those aimed at assuring the competence of the senior
operations personnel in the main control rooms of Canada's nuclear power stations. While
not perhaps the most visible of the AECB's work, this activity makes a considerable
contribution to the overall conclusion that a station will be operated safely.

Since the start of the Canadian program when the Nuclear Power Demonstration station first
began operation in 1962, the AECB has directly examined candidate First Operators and
Shift Supervisors to assess their knowledge before authorizing them for their duties.
Although there have been some alterations in detailed procedure over the years, the basic
examination method has remained essentially unchanged. Would-be operations personnel are
required to pass a number of individual written examinations which are set and graded by the
AECB, before they are authorized. These examinations - there are currently five of them -
have always represented a substantial challenge to candidates. For largely resource-related
reasons the regulatory modus operandi has never included the systematic evaluation of the
training programs through which the candidates have passed.

In July 1991, at a meeting of the Standing Inter-Utility/Regulatory Working Group in New
Brunswick, members of the AECB's Operator Certification Division announced that major
changes were being planned in the approach to be followed to assure the competence of
senior operations personnel. Chief among these changes will be commencement of the
systematic evaluation of nuclear operator training programs by the end of fiscal year 1991/92
and the full-scope simulator-based testing of candidates from spring 1993 onwards. The new
regulatory regime that will be based on these two principal activities will continue to include
the setting and grading of written examinations for candidates but these examinations will
account for the new simulator-based testing program and will complement it. In addition,
regulatory expectations connected with utility training programs and operator initial and
continuing competence will be documented in plain language in a new body of "Position
Statements".

Each of these changes should be helpful to utility training departments and trainees alike,
while at the same time continuing to assure operational safety. The publication of regulatory
expectations will make clear the AECB's perceptions of the basic requirements that should be
met, the evaluation of training programs will provide regular opportunities for dialogue on
the basic process of preparing operations personnel rather than waiting until the regulatory
examination stage and, for the first time in a programmatic sense, candidates will undergo
specific plant testing in an environment that will very closely resemble the one in which they
are to take up their important duties.

The planning and gradual implementation of the regulatory initiatives are being carried out in
consultation with the members of the Working Group mentioned earlier. In this way, the
actions which must be taken by the utilities themselves to get ready for the new regime are
being identified and planned for in turn. Also, through the consultative process, the large
body of experience with training program design and simulator-based testing which the



members collectively possess has become available for discussion and study. Independently,
the staff members of the Operator Certification Division have established close and active
contacts with a number of foreign nuclear regulatory agencies and in some instances, utilities
as well. The staff also regularly participate in the International Atomic Energy Agency's
activities connected with nuclear operator training and competence. These 'extra-Canada'
activities are providing the perspective necessary to ensure that the regime being established
is both well-founded and up-to-date.

When fully in place following spring 1993, the new arrangements for nuclear operator
certification should be among the best to be found anywhere. Furthermore, by continuing
close contact with the Canadian utility industry through the Standing Inter-Utility/Regulatory
Working Group and by keeping in touch with foreign jurisdictions and other organizations,
the AECB staff will be able to ensure that the new regime is properly maintained in the
future.



XTEND6 - AN EXPERT SYSTEM FOR USE AS A TRAINING AID IN TRIP
PARAMETER ASSESSMENT

P.B. Middleton
T.A. Daniels

L.J. Watt

Idea Research
HI Richmond St W., Suite 1610

Toronio, Ontario, M5H 2G4

Summary

An expert system {XTEND0) has been developed for use as a training tool to aid in the
understanding of the assessment of trip parameter effectiveness following a postulated
reactor accident. XTEND6 is a menu-driven, visually-oriented package, which is designed
to be user friendly. The input data of XTEND" is station-specific, while the main driver
is station-independent, allowing the simulations to be performed for any CANDU reactor.
It serves as an effective means of helping the user develop an intuitive concept of the
manner in which reactor accident situations evolve, and the factors that influence the
effectiveness of the relevant trip parameters. The graphical presentation of simulation data
enables the user to quickly gain an understanding of the order in which events occur, and
the conditions which precipitate them. XTEND® is intended for use primarily by analytical
staff at nuclear facilities, students, station operators and managers.

To begin, the user selects an accident scenario for a particular station from one of the
categories {e.g., loss of reactivity control, or loss of coolant) by means of a menu. Within
an individual scenario, the user has full control over the initial conditions and the severity
of the accident via easy-to-use dialog windows. XTEND® then calculates the evolution of
plant variables as the accident situation progresses. Concurrently, the system displays the
results of user-selected parameters graphically, and in addition provides a chronology table
that records the times at which important events take place. An example of the screen
display is shown in Figure 1, for a loss of reactivity control event. Prior to their placement
in this summary table, the events are annunciated through the use of 'pop-up'

Copy write 1991-92 Idea Research



windows. Other options which are available at any time during the simulation include
printing a hardcopy of the results, or saving the scenario for retrieval and continuation at
a later time.

The structure of XTEND® is modular, facilitating the ease by which new models can be
incorporated, and existing models can be updated. This ensures that flexibility is achieved
in terms of both the range of situations that can be analyzed and the level of detail of the
analysis. For example, the physically based models, although reasonably simple in nature,
allow the system to generate data at, or faster than, real-time. Calculations with some of
the simplifying assumptions removed can be invoked to meet the requirements of a more
detailed simulation. At the core of the modelling routine is a mechanism to determine the
times at which trip setpoints will be exceeded, or reactor regulating functions will be called
upon. Control of the simulation is always maintained by the user by means of menus and
interactive dialog windows.

A clear and interactive picture of plant behaviour is thus provided by informing the user
of the occurrence of major events, and by providing a graphical display of the evolution
of important plant parameters. This makes XTEND" a very valuable tool, both as a
training aid and as a complement to written safety documents by developing the user's
intuitive grasp of accident scenarios and the factors which influence the effectiveness of
trip parameters.

The paper will focus on the modelling details of XTENDaJ, and will show by way of
examples, the results of specific calculations.
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A FUEL COOLING BASIS FOR CRITICAL SAFETY PARAMETER
TRAINING

D.B. REEVES , D.L. STAFFORD , J. MCCARTHY , S. TURNER

Reeves Technologies Inc,
6 Colonial Dr.

Rothesay, New Brunswick
E2G 1A6

New Brunswick Power Corporation

INTRODUCTION

Critical Safety Parameters (CSPs) were introduced in the Joint
Utility Task Group's report on Emergency Operating Procedures
Standards1 as an approach to assuring safe operation of CANDU
reactors. The objective of CSP training is to assure that
control room staff can monitor and control a discrete set of
plant parameters (CSPs) that, if maintained within acceptable
bounds, result in adequate fuel cooling at all times. The
operator is trained to assess the panel feedback, accounting
for instrumentation limitations and the transient system
dynamics. These CSPs are shown in Figure 1. At the Point
Lepreau Nuclear Plant, this goal has led to the definition of
a CSP based refresher training program.2 In developing this
training approach, it was realized that instruction on the
requirements of adequate fuel cooling would be an asset. This
assures that all trainees have developed a fundamental
understanding of fuel properties and design, and fuel cooling
thermalhydraulics. This paper will discuss the various
components of this fuel cooling course.

FUEL COOLING AND CSPs

Figure 1 shows the relationship between CSPs and Fuel Cooling.
In defining the CSP training content, a section is included on
supporting information for each CSP. Fuel cooling training
provides the supporting information on what constitutes
adequate or inadequate fuel cooling conditions. Rather than
applying to one CSP however, the training is applicable to most
of the CSPs.

The CSPs have been classified as Principal CSPs for the
monitoring of adequate fuel cooling, and Supporting CSPs for
related indications. The CSPs in the Other CSP category may
provide fuel cooling information under atypical circumstances.



CSP training stresses that maintenance of the CSPs within the
defined boundaries assures adequate fuel cooling and
containment of radioactivity. The Fuel Cooling training
concentrates on providing an understanding of thermalhydraulic
fundamentals and the critical aspects of fuel cooling for safe
plant operation. Hence, the training is complimentary, allowing
CSP training to build on the foundation of Fuel Cooling
training.

TRAINING CONTENT

The content of Fuel Cooling training consists primarily of two
components:

I) Classroom lectures
II) Training simulator exercises

Classroom lectures present :
a) Fuel, fuel sheath, fuel bundle and fuel channel design.
b) The thermal properties of U02 and Da0.
c) Thermalhydraulic science fundamentals and the heat

transfer processes affecting fuel cooling.
d) Critical Heat Flux, Dryout and Regional Overpower Trip

Coverage.
e) Full-Power steady-state fuel cooling conditions.
f) The sensitivity of fuel cooling to CSP parameters.
g) Examples of fuel cooling transient behaviour.

Instruction is presented to staff over a four day period.
Simulator exercises are scheduled to reinforce the lecture
material presented. As an example, the lecture on critical heat
flux is followed by a simulator training session in which the
trainees observe and diagnose a single channel flow blockage
transient. They form into small groups and are provided with a
series of questions that require observation of the control
room panels and selected parameter trends. The discussions that
result from this approach compel the trainee to develop an
understanding of the fundamental aspects of fuel cooling. This
training method is effective because the theory provided in the
lectures is immediately reinforced with the practical simulator
lessons. The operator sees the application of the theory within
a familiar context.

CONCLUSIONS

The fuel cooling fundamentals approach taken at Point Lepreau
GS provides benefits to the CSP training program. The CSP
training instructor can bs assured that a specific level of
background training has been completed. Hence for the CSP



program, the instructor is not required to backtrack into
science fundamentals unless a trainee is having difficulty with
a particular concept. The trainee acquires knowledge and skills
in an environment that reinforces theory with practical
application on the training simulator.

REFERENCES

1. Kelly,R.J., et al, "Emergency Operating Procedures,
Standards for Canadian Nuclear Utilities", The Joint Utility
Task Group, January 1987, Revision 0.

2. Johnson, A.R., W. Pilkington, S. Turner, "Critical Safety
Parameters The Logical Approach to Refresher Training", 9th
Symposium on the Training of Nuclear Facility Personnel, Oak
Ridge National Laboratory and American Nuclear Society, April
14-18, 1991, Denver, Colorado.



Figure 1 Critical Safety Parameters and Fuel Cooling
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SUKMARY

AS8E8SMENT OF TRAINING EFFECTIVENESS - A TRAINER'S PERSPECTIVE:

R. C. WARDHAN, J. J. MCCARTHY, 0. P. TURNER

NEW BRUNSWICK POWER
POINT LEPREAU OENERATXNO STATION

LEPREAP, N. B.
E06 2H0

SYNOPSIS

To date in Canada, auditing of the training given to potential
CANDU reactor plant control room operating staff has been conducted
by the regulator through a number of closed-book, lengthy, written
exams. These exams are administered at certain stages during a.
candidates' extensive training program. The examination is a GO/NO
GO process based upon external narking of the candidates papers.
At best, this provides a snapshot view of the candidate and can
only ba viewed as a very indirect assessment of the training
program itself.

Whilst the ability to write dawn complex answers, in a rapid
and coherent manner, is an absolutely essential requirement in
order to be able to ensure success in these written exams, such a
requirement has yet to be identified in respect to the day-to-day
control room operating staff job function. Rather, deliberate,
diagnostic, thought processes are one of the essentials to safe
operations.

To gain assurances concerning the competence of trained
control room operating staff, the auditing of training must
encompass both the process and the product, ie. the training
program and the candidate. This auditing process should be seen as
an essentially continuous process rather than the current state of
affairs based upon a number of discrete snapshots in time. This
continuity of process needs to focus on certain key elements such
as; are the training course and program objectives being met on an
ongoing basis; is there regular feedback on training delivery
effectiveness djiring the training program; is there a fully
integrated evaluation program adequate to determine whether a
candidate is assimilating knowledge and understanding in a manner
which allows him/her to apply them in an increasingly integrated
fasnion; ie there an in-built program mechanism which allows for
re-focusing elements of the program if evaluation deems this to be
necessary, etc.



Within the training department at Point Lepreau this process
of continuous auditing is being introduced into the authorisation
training programs.

It provides for: -

- continuing assessment of changing candidate needs during a
program,

- as a result of such feedback, program adaptability to focus
on those needs as they arise,

- assessment of candidate performance in meeting course
training objectives on a regularly scheduled basis
throughout a program,

- an ability to apply prompt corrective action based upon the
assessments of candidate performance,

- a justification for the training benefits to be derived from
learning and understanding through a significant element of
project assignment activity,

- regular review with individual candidates of their assessed
performance, analysis of their needs, and re-direction,

- re-inforces the concept of group enhanced training through
feedback discussion rather than via classical teacher
delivery in the classroom,

- allows for thorough analysis upon completion of a program,

- provides a historical record of performance throughout a
program, providing a safer basis for competence
verification.

In essence, it is essential that the auditing of training
performance ba based upon the whole rather than a part, in this
way, the auditing process becomes more meaningful as it encourages
assessment of the total training effectiveness, not just a
determination of pass/fail based on a single event.



REQUIREMENTS FOR SIMtTLATOR-RASED TESTING OF CANDIDATES FOR ADTHORIZATxON-

G.T. Bereznai, T.A. Brown, R.S. Bums and G.A. Hancock
Simulator Services Department, Ontario Hydro

230 Westney Road South, Ajax, Ontario, L2S 7J5

SUMMARY

Ontario Hydro has been operating nuclear training simulators for ths last
fifteen years. There is a full-scope replica simulator far each of the
five generating stations. These simulators were acquired principally for
the purpose of training unit first operator and shift supervisor
candidates, and for the on-going refresher training of staff already-
authorized for these positions.

It had been recognized by both Ontario Hydro and the A3CB that the
simulators would be a more realistic means of assessing the control room
specific operating and supervisory skills of unit first operators and
shift supervisors than the currently used written audits. The A3CB has
recently informed the utilities that simulator testing of candidates for
authorization would replace portions of the written audits starting in the
spring of 1993. This paper outlines the steps being taken at Ontario Hydro
to ensure that the training simulators will meet the -technical
requirements that such testing entails.

There are four main, technical requirements that a training simulator must
meet in order to support the testing of candidates for authorization:

1. Reliability: the simulator must continue to function throughout the
exercise, free of hardware or software failures that would either
halt the operation of the simulator or drive its operation beyond
the credibility limits of the test scenario.

2. Capability* the simulator must be able to perform the full range of
exercises and a wide variety and combination of malfunctions which
have been identified as critical to testing the prescribed knowledge
and skill of the unit first operator and shift supervisor
candidates.

3. Fidelity: the simulator must have the appearance, and the static and
dynamic respons to all operator actions and malfunctions that are
sufficiently close to those of the reference generating unit, so
that the actions of the candidates on the simulator can be judged to
be a valid representation of their knowledge and skill/ and of the
actions they would take under similar conditions at the generating
station.

4. Data logging facilities: the simulator must be capable of recording
all information that is necessary to evaluate the candidate's
actions within the context of the simulator's response. The data
logging is to include key simulated plant parameters, all actions
taken by the candidate at the control panels (including all control/
safety and monitoring computers), all verbal communications and a
video recording of candidate actions.

The paper outlines the conditions that must be met by the generating
stations, training centres and simulator services organizations to ensure
that the technical requirements for simulator-based testing of candidates
for authorization will be satisfied.



COMPETENCY ASSESSMENT OP REACTOR OPERATOR CANDIDATES
USINO FULL-9COPE SIMULATORS

THE EMERGING! CANADIAN REOUUITORY APPROACH

0, TURC01TE
A. VACHON

OPERATOR CERTIFICATION DIVISION
ATOMIC ENERGY CONTROL BOARD

ABSTRACT

The Operator Certification Division (OCD) of the Atomic Energy Control
Board (AECB) of Canada has been developing a full-scope simulator examination
method suitable for asseeaing the competency of CANDU reactor operator
candidates. The emerging approach to regulatory eimulator-baged testing la
resulting principally from experience gained ovar the years by oca ataff in
conducting auch tests for ad hoc reasons, from consideration of the
reeommenda-ions of a study of full-scope aimuiator testing methods done for
tha AECB by a consulting firm and from consultation with utility
representatives. Practices us«d in othar countries are also being examined.
The method under consideration would provide for assessment of the performance
of a control Room Operator (CRO) or Shift Supervisor (SS) candidate working
within a team whose composition will be similar to that normally available for
operation in the main control room at tha specific nuclear generating station
(NGS). With this arrangement, tha non-candidato team members provided by tha
utility training centra would act in accordance with precise guidelines
established beforehand by the OCO examiners so as to minimize tha impact of
variations in their behaviour an tha candidate'* test results.

Since full-scope plant specific simulators are now available at each of tha
seven CANDU plants (22 reactors) in Canada, the regulatory intention is to
implement routine testing of SS and CRO candidates using tha simulators as a
distinct arid separate element of the authorisation process, starting in the
spring of J993. Assessment of a candidate's knowledge of plant behaviour and
the action* to be taken under normal and upset conditions can ba carried out
more effectively using a simulator than with the written examinations
presently used. This is evidently because of the high degree of realism that
a simulator brings into the testing environment in terms of tha actions
required, the time-stress element and the possibility of confronting CRO and
SS candidates with unexpected events.

This paper discusses the simulator characteristics that are required
for operator certification examination purposes and also examines the method
for selecting and developing test scenarios, the performance measurements and
assessment criteria that will be used as well as tha data and data collection
methods needed to obtain a reliable and complete reoord of operator



performance. The intrinsic difficulties of examining SS candidates of multi-
unit: Candu NOSB an a simulator are al«e> examinad as wall *a the £undam*ntal
importance and difficulty of eatabliohing a reliable and valid
method.



MECHANICAL MAINTENANCE TRAINING PROGRAM

T.R. SIMPSON, A.M. McPARTLAND, D.A. WEEKS
R.M. CRAWFORD, S.P. TURNER

NEW BRUNSWICK POWER
POINT LEPREAU GENERATING STATION

P.O. BOX 10
LEPREAU N.B.

EOG 2H0

INTRODUCTION

The Mechanical Maintenance training program at Point Lepreau was
initiated when a group of trainers and subject matter experts
from the Mechanical Maintenance Department developed a job
analysis for the Mechanical Maintenance trade. The analysis
identified tasks that a mechanical maintainer would be required
to do at. all levels including supervisor. This analysis forms
the basis for our present training program.

To focus on the tasks that require training, the original job
analysis was reviewed by the Skills Training Group in
consultation with the Mechanical Maintenance Supervisor and
Foremen. Each task was examined and a decision made whether or
not to train on that task based on it's frequency of use,
difficulty and importance. Decisions were also made to combine
several tasks where appropriate into one course and to add some
tasks not included in the original analysis. This process
brought the scope of the development work into perspective.

Another phase of the definition process was to identify the
extent of the need for training within the department. Some
tasks were identified as mandatory for all maintainers and others
as required by fewer maintainers to be determined by the work
group supervisor- In addition a decision was made by the
Mechanical Maintenance Supervisor and Foremen regarding each
maintainers training need on each task. Training, past
experience and observed abilities and aptitude were considered.

PROGRAM CONTENT

Figure l shows the tasks identified for training. It is laid out
in 10 major categories labelled ttA" through "J" with each task
identified numerically within the category. Much of the training
identified in categories "A" through "D" is common to several
work groups. Categories "E" through "J" are specific to
Mechanical Maintenance.



A general set of objectives has been prepared for each task on
Kigurfi i. These general objectives serve as a guideline for the
development of the courses. Figure 2 shows the general
objectives for category "G". When each course is developed, more
detailed objectives are prepared and evaluated in conjunction
with the work group to ensure that the end product meets their
specific needs.

Resources for the development and delivery of the training
program are drawn from the Point Lepreau Work Group and Training
Department, New Brunswick Community College and various
manufacturers and training agencies. Presently development and
delivery of the program are proceeding simultaneously.

CONCLUSION

At Point î epreau Generating Station we have been fortunate to
hire an experienced maintenance staff with well developed skills.
The challenge for the training department is to build upon this
strong base. This can be accomplished by training individual
raaintainers on tasks from disciplines other than their own area
of expertise, (eg. Industrial Mechanic will be trained to do
basic machining)
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