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Executive Summary

EXECUTIVE SUMMARY
The Ontario Nuclear Safety Review, chaired by Dr. Kenneth Hare,
has been charged with the task of reviewing the safety of Ontario Hydro's
nuclear generating stations and the emergency measures relating to them. As
Canada's national nuclear organization, Atomic Energy of Canada Limited
(AECL) has been invited to submit a brief addressing a number of areas
considered to be particularly relevant to the review. Specifically, this
submission comments on the evolution of the Canadian nuclear program, the
management of safety, and the reactor design, analysis, operation and
research programs which contribute to the safety of the CANDU reactor and
which provide assurance of safety to the regulatory agency and to the
public.
The Canadian nuclear program had its origins more than forty years
ago. In 1942, Canada began the development of heavy water reactors. The
first reactor to go into operation outside of the United States was a small
heavy water moderated research reactor known as ZEEP, which went into
service at Chalk River Nuclear Laboratories in 1945. This was followed in
1947 and 1957, respectively, by the higher powered NRX and NRU research
reactors. Building on these successful experiences in research reactor
design, AECL and Ontario Hydro, together with Canadian industry, embarked on
the development of a nuclear power program for electricity generation. The
heavy water moderated, pressure tube reactor was chosen for this development
because its use of natural uranium exploited one of Canada's natural
resources and the use of pressure tubes rather than a pressure vessel was
within Canada's national manufacturing capability. The small (20 MWe)
nuclear power demonstration project (NPD) went on line and began producing
electricity in 1962. It was followed by a commercial-scale (200 MVe)
prototype, Douglas Point, which went into operation in 1967. Since then the
Canadian nuclear power program has developed into an outstanding success,
with multi-unit stations at Pickering (A & B ) , Bruce (A & B ) , and Darlington
(A, under construction), and single-unit stations in Quebec and New
Brunswick. In addition, units have been built in India, Pakistan,
Argentina, Korea, and Romania (under construction). Typically, operating
statistics show four or five CANDU reactors in the top ten world wide in
performance.
The CANDU reactor system has been designed and developed with
close cooperation between AECL, the Canadian utilities, Canadian
manufacturers and the Atomic Energy Control Board (AECB). The sharing of
responsibility for safety has been one of the key factors in the success of
the Canadian nuclear program. The AECB has responsibility, on behalf of the
public, for establishing acceptable standards with respect to public risk
and for establishing through independent review that these standards are
satisfied. The plant designer has responsibility for defining how those
standards will be met. The plant operator has responsibility for operating
within the framework of those standards. This approach allows, and in fact
requires, a thorough evaluation of safety by all participants in the
process.

AECL has taken an active role in the exercise of its
responsibility for safety. The management of reactor safety is constantly
evolving in response to new knowledge and the growing experience in the
nuclear power industry worldwide. An organizational commitment to safety,
coupled with a network of established engineering processes, quality
standards, and review and check procedures provides an environment in which
reactor designs can be developed to meet or exceed all applicable safety
standards. The design process, supported by a program of fundamental
reactor safety research, begins with the development of basic safety design
concepts. These safety design concepts provide the basic principles and
requirements which govern the way all safety-related structures, systems and
components are designed and built. In the conceptual design phase these
safety requirements, along with functional performance requirements and
other specific project input are translated into a preliminary design.
Design choices are reviewed, analyzed and tested to affirm their validity.
The process is iterative until a final design is produced. Comprehensive
design review and quality assurance practices are followed to ensure that
the design meets all requirements. In addition, both probabilistic and
conservative deterministic safety analyses are carried out to verify that
the response of the plant to a wide range of anticipated and highly
improbable accidents is acceptable, i.e., does not violate acceptable
standards of risk to the public as established by the AECB.
Not only must the designer and the owner/operator of a proposed
nuclear plant be satisfied that the design is one which can be constructed
and operated safely and reliably; they must demonstrate this to the
satisfaction of the AECB, an independent regulatory agency, in order to
obtain construction and operating permits for the plant. Once a plant is
licensed and in operation, AECL provides certain ongoing technical support
and participates in operational information exchange as well as sharing of
research and development programs and information.
The Canadian approach to safety design is based on a philosophy
which has evolved from the early 1950s, primarily as a result of an accident
at the NRX research reactor in 1952. The general principles of this
philosophy can be expressed in terms of a "defense in depth" concept which
involves accident prevention, accident mitigation, and accident
accommodation. According to this concept, the design must be one which
prevents accidents in the first place, limits the progress of an accident,
should one happen, and limits the effects that an accident may have on the
public. The objective has been to ensure that the risk to the public
presented by nuclear power plants is lower than that from alternative
sources of electrical energy, such as coal. The defense in depth principle
also requires that there should be multiple defenses against radioactive
release, and that there should be more than one level of defense against any
specific accident. This leads to a multi-barrier, multi-defense system
which is tolerant to a wide range of human and equipment failures, whether
or not anticipated by the designers. Defense in depth is achieved through a
high level of equipment quality, system redundancy and fail-safe design;
regulating and process systems designed tn maintain all process systems

within acceptable operating parameters; and independent safety systems to
shut down the reactor, provide long-term cooling, and contain potential
release of radioactivity in the event of an accident.
The safety assessment methodology has evolved over the years to
provide for an increasingly stringent examination of the design to show that
all aspects including safety system design, supporting service system
design, human aspects (procedures, training) and common-cause events are
considered. The resulting design is one that meets regulatory requirements
not only in Canada, but can meet requirements in other countries without
fundamental design change. Probabilistic safety and risk evaluations show
that the CANDU design offers a level of safety at least as good as, and in
most cases better than, other commercially available reactor designs.
The safety design and safety assessment programs are supported by
an ongoing research and development program aimed at maintaining AECL's
technological lead in the nuclear reactor field. The objective of the
research program is to improve the safety and reliability of CANDU reactors,
focussing on both current designs and on advanced CANDU designs. This
program provides increased technical depth to safety analysis, and also
provides a response capability for dealing with operational problems and for
analyzing accidents at other nuclear stations, such as Three Mile Island and
Chernobyl, with sufficient depth to ensure that the CANDU system is not
vulnerable to similar events.
In summary, nuclear power has proven to be a highly safe and
reliable form of electricity generation. AECL, working with the Canadian
utilities, the Canadian manufacturing industry and the Canadian regulatory
agency, has developed, in the CANDU design, a reactor technology which can
be shown to meet or exceed the established safety standards throughout the
world. This high level of safety is achieved through the application of
well founded safety design principles and sound engineering practices, and
is verified by comprehensive safety assessments. The result is a technology
which benefits all Canadians.

Section 1
Introduction

1.

INTRODUCTION

The Ontario Nuclear Safety Review, chaired by Dr. Kenneth Hare,
has been charged with the task of reviewing the safety of Ontario Hydro's
nuclear generating stations and the emergency measures relating to them.
Atomic Energy of Canada Limited (AECL) has been invited to submit a brief
covering a number of areas considered to be particularly relevant to the
review. The purpose of this report is to provide that information. In
doing so an attempt has been made to put the information into context by
giving it within the framework of the Canadian nuclear power program, both
in Canada and internationally.
In the following pages is described the evolution of the Canadian
nuclear power program and AECL's role in that program, beginning with the
early research reactors and carrying on to current AECL initiatives in a
number of areas. Several sections of this report are devoted to describing
the process by which the safety and operational reliability of nuclear
projects is assured. This process begins with an organizational structure
and a safety philosophy which emphasizes our role as designers in developing
a safe and reliable product and which facilitates the management of safety.
The various safety design features which have been introduced into the CANDU
reactor product line to implement this commitment to safety are described,
as are the safety assessment principles which lead to those safety design
features. Also described are the research and development programs carried
out by AECL in support of its understanding of phenomena related to reactor
operation and safety.
While there have been no reactor accidents, including Chernobyl,
which have resulted in immediate deaths in the public*, there have been
severe accidents in the world-wide nuclear power program. An accident
resulting in extensive fuel failure and severe damage to the reactor
occurred early in the Canadian program. The lessons learned from this 1952
accident at the NRX research reactor served as a basis for much of the
Canadian safety philosophy that has subsequently evolved. Some of these
events are briefly described, with a focus on the lessons learned from the
events and on how these lessons have impacted AECL's safety design
philosophy, the design, and AECL's research programs. Public perceptions of
nuclear safety are discussed and "inherently safe" reactors have also been
addressed. Concluding comments give overall AECL perspective on nuclear
reactor safety.

According to Soviet sources, all (31) deaths to date, following the
Chernobyl accident, were suffered by plant operating and firefighting
personnel.
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1.1

The AECL Mandate

AECL is Canada's national nuclear organization. Established in
1952 by the Government of Canada, AECL is comprised of three operating
divisions: CANDU Operations, Research Company, and Radiochemical Company.
In pursuit of its mandate to develop peaceful applications of nuclear
energy, AECL:
initiates research and development for nuclear-related activities,
designs and markets CANDU nuclear power stations,
provides engineering services to electrical utilities in Canada,
the USA, and overseas,
manufactures and markets specialized medical and industrial
equipment which uses radioisotopes, and
has produced and currently markets heavy water.
Research Company provides a major technological base for AECL,
Canadian utilities and Canada's nuclear manufacturing industry. Scientists
at the Chalk River Nuclear Laboratory and the Whiteshell Nuclear Research
Establishment undertake research in nuclear physics, chemistry, biology, and
materials science. Research reactors at these sites provide fundamental
data for major ongoing research programs, test materials and components, and
produce bulk radioisotopes.
Radiochemical Company supplies radioisotopes such as cobalt-60 and
manufactures systems and equipment for the treatment of cancer, the
sterilization of medical products, and the irradiation of food. This
equipment is installed in 80 countries worldwide.
CANDU Operations designs and markets nuclear power systems, and
provides nuclear engineering services to Canadian and foreign utilities. It
owns heavy water plants and an Engineering Laboratory equipped to test
material and equipment for use in power stations and process industries.
1.2

CANDU Safety - A Shared Responsibility

The CANDU reactor system has been designed and developed by AECL
in close co-operation with Canada's largest electrical utility, Ontario
Hydro. The shared responsibilities of AECL (as designers and researchers),
Canadian utilities (as owner/operators), and the Atomic Energy Control Board
(as regulators) has been one of the key factors in the success of the
Canadian nuclear program. The AECB has the responsibility, on behalf of the
public, for establishing acceptable standards and requirements, which must
be satisfied in order to ensure operation of a nuclear power plant at an
acceptable level of risk to the oublic and to the environment. The AECB
also has the responsibility of verifying that these standards and

- 2 -

REQUIREMENTS
Atomic Energy Control Board

DESIGN
Atomic Energy of Canada Limited
Ontario Hydro

FIGURE 1-1

OPERATION
Ontario Hydro
Hydro Quebec
New Brunswick Powe

CANADIAN LICENSING RESPONSIBILITIES

requirements have been satisfied. The plant designer has the responsibility
of defining exactly how those standards and requirements will be met, and
for developing a plant design which can be constructed, commissioned, and
operated in a safe and reliable manner. The plant operator has
responsibility for maintaining and operating the plant safely, in accordance
with established requirements and good practice. Working within a framework
as illustrated in Figure 1, has resulted in a reactor design with a
particularly high performance and safety record. Having achieved a design
which satisfies all applicable requirements, the designer and the
owner/operator must work with the regulator to obtain the necessary permits
and licenses to authorize construction and operation of a station. Again,
the approach allows (and requires) a thorough evaluation of safety by all
participants. It also facilitates a review by the regulator which allows
operation to be licensed on the basis of an independent evaluation of real
safety rather than on a more dogmatic "checklist" review.
The information provided in the following sections amplifies in
detail the foregoing concepts, and documents the basis for confidence in the
safety and reliability of the CANDU nuclear generating system.

Section 2
Evolution of the Canadian Nuclear Program

2.

EVOLUTION OF THE CANADIAN NUCLEAR PROGRAM

The Canadian nuclear program had its origins more than 40 years
ago. In 1942 Canada, with the United Kingdom and support from the U.S.A.,
undertook the development of heavy water nuclear reactors.
Sir John
Cockcroft and later W.B. Lewis (1946) provided the direction during the
crucial early years. When the war effort ended both the U.S. and the U.K.
had decided to embark on a program which embodied the full complement of
enrichment and reprocessing technology. Dr. Lewis1 vision of a
neutron-efficient natural uranium design meant that Canada would be left to
pursue the heavy water reactor line. The result of the Canadian research
effort was the design, building and operation of a series of
heavy-water-moderated reactors which established Canada as the world leader
in scientific and technical knowledge in this field. The CANDU reactor
program which resulted has been honoured in the 1987 Centennial of Canadian
Engineering as one of Canada's top ten engineering developments. This
section summarizes a number of papers describing the development of the
program, including two recently presented at the 1987 Canadian Engineering
Centennial. (References 1 to 4)
The first reactor to go into operation outside the United States
was in Canada, at the Chalk River Nuclear Laboratories. It was a small
heavy water research reactor known as ZEEP (Zero Energy Experimental Pile)
and it went into service in 1945. As an experimental facility it provided
basic physics data for more than 20 years.
In 1947, ZEEP was joined by NRX (National Research Experimental),
which at that time had the highest neutron flux and was one of the most
powerful reactors in the world. This research reactor was moderated with
heavy water, as was its even higher power successor, NRU (National Research
Universal), which became operational in 1957. ZEEP, NRX and NRU provided
the fundamental physics, chemistry, metallurgy and engineering knowledge for
the CANDU program.
In addition, the NRX research reactor served as a test facility
for the USA's Atomic Energy Commission in support of that nation's nuclear
submarine program. The tests have provided important information supporting
light water reactor designs. Two other Canadian research reactors, PTR
(Pool Test Reactor) and ZED-2 (Z-2, Second Zero Energy Reactor), also have
contributed valuable data and information.
By the early 1950s a Canadian nuclear power program was being
seriously considered by Atomic Energy of Canada Limited. The concept
received encouragement and support from Ontario Hydro, the largest of
Canada's electricity generating authorities, as well as Canadian
manufacturers and engineering companies. In 1954, a Nuclear Power Group was
established at Chalk River. It was headed by Harold Smith of Ontario Hydro
and staffed with AECL personnel and with engineers seconded from
manufacturing industry, engineering consultants, and Canadian electrical
utilities. This group considered the British gas-cooled graphite reactor
and the American light water reactor, but concluded that the
heavy-water-moderated reactor was most suitable for Canada.
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The system finally chosen exploited the unequalled neutron economy
of heavy water as a moderating material. The use of pressure tubes in place
of a pressure vessel matched our national manufacturing capability and was
feasible because of the successful development of zirconium alloys.
Similarly, this design - in allowing the use of natural uranium as fuel exploited one of Canada's indigenous resources. Canada has stayed with the
heavy water/pressure tube concept and this singleness of purpose has been
one of the important underlying strengths of the Canadian program.
The Nuclear Power Group laid down the conceptual design for
Canada's first nuclear power station, NPD (25 M W ) , a co-operative venture
between Ontario Hydro, Canadian General Electric (a large manufacturing
company) and AECL. NPD was the first nuclear station in Canada to produce
electricity and has been in operation since 1962. It continues to generate
not only electricity but knowledge for the CANDU program. It laid the
groundwork for the highly successful CANDU-PHW (pressurized heavy water)
system.
The Group also laid down the basic concept for a larger 220 MW
plant which evolved into the Douglas Point Nuclear Generating Station. In
1958, the engineering for Ontario's nuclear power program was placed in the
hands of the Nuclear Power Plant Division set up in Toronto under the
general direction of AECL and to which Ontario Hydro engineers were
seconded. This group undertook the detailed design of Douglas Point, the
first large prototype CANDU. Construction of the Douglas Point NGS began in
1960 and the station produced power from 1967 until May 1984 when it was
removed from service, having served its prototypical purpose. Douglas Point
served as the model for several units in India (RAPP-1, 2) and NPD as a
model for a 137 MW station in Pakistan (KANUPP).
In 1965, AECL undertook the conceptual design of a second type of
CANDU reactor, one which used ordinary or "light" water as coolant. In
1966, construction began on a 250 MW prototype CANDU-BLW (boiling light
water) reactor; Gentilly-1 first produced power in 1971.
The CANDU-BLW reactor presented a viable alternative to the
CANDU-PHW reactor if heavy water losses could not be controlled to
reasonable values in the PHW variant. However, primarily because of the
success of the CANDU-PHW, work on the CANDU-BLW has not been taken beyond
the prototype reactor stage.
In 1964, the Pickering 'A' Nuclear Generating Station - consisting
of four 542 MW CANDU units - was committed. Unit 1 first produced energy in
July 1971 with Units 2, 3 and 4 coming onstream in December 1971, June 1972
and July 1972 respectively. Pickering 'A1 was the first four-unit nuclear
generating station in the world.
In 1977, a larger station, Bruce 'A1, with
first produced power. Two more four-unit stations 540 MW) and Bruce 'B' (4 x 826 MW) went into service
Darlington (4 x 935 MW) is now under construction in
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four 826 MW units,
Pickering 'B* (4 X
between 19S3 and 1987.
Ontario.

In addition to the large CANDU program in Ontario, the first four
stations of a new generation of single-unit CANDU reactors - the CAKDU 600s
- have been built and brought into operation in New Brunswick, Quebec, Korea
and Argentina. The four stations, Point Lepreau, Gentilly-2, Wolsung-1 and
Embalse, went into operation within nine months of each other and achieved
creditable construction schedules. Wolsung, for example, progressed from
first placement of concrete base slab to reactor startup in 58 months, and
to full reactor power in 61 months.
At Cernavoda, in Romania, design and construction of a multi-unit
station with five CANDU 600 reactors is underway.
Figures 2-1 and 2-2 show the genealogy of CANDU research and power
reactors.
Concurrent with this significant reactor construction program was
the bringing on-line of several heavy water production plants, as shown in
Table 2-1.
Figure 2-3 shows the location of nuclear-related establishments in
Ontario and Canada.
TABLE 2-1
HEAVY WATER PRODUCTION IN CANADA

Owner

Plant

Nominal Rating

AECL

Port Hawkesbury

Ontario Hydro

Bruce 'A1

2 x 400 Mg/a

AECL

Glace Bay

400 Mg/a

Ontario Hydro

Bruce 'B'

2 x 400 Mg/a

400 Mg/a

Year of First
Production
1971
(Shutdown in 1985)
1973
1976
(Shutdown in 1985)
1981

AECL is continuing its role of reactor design evolution with
development projects in the areas of:
a)

Capital cost reduction, for example by power uprating, improved
constructability, standardization, simplification, and improved
information systems.

b)

Advanced fuel cycles, for example by use of slightly enriched fuel
for improved use of uranium resources.
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c)

Safety, for example by wider use of probabilistic safetyassessment, and continuing safety-related research and development
programs.

d)

Improved capacity factor, i.e., time the reactor spends generating
power. For example, by improved in-service inspection techniques,
and optimization of preventative maintenance programs.
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Section 3
Management of Safety

3.

MANAGEMENT OF SAFETY

As described in the introduction, ensuring safety is a
responsibility shared by the designer, the regulator and the owner/operator
of nuclear facility. AECL has played the role of the designer of the CANDU
reactor. Over the years as the technology has matured, while the crucial
awareness of safety has continued, the relative responsibilities of AECL and
Ontario Hydro have changed. In Ontario, the role of Ontario Hydro has
evolved from that of an owner/operator to include that of a designer of many
systems in the CANDU plants. Table 3-1 illustrates these evolutionary
changes.
From a physical standpoint, safety in a nuclear power plant is
achieved through quality design and quality of each of its components. To
ensure safety is achieved in CANDU plants, AECL has developed an engineering
process that requires individuals and teams to perform with quality. This
section describes the engineering process and products.
3.1

THE ENGINEERING PROCESS AND SAFETY

For any engineering project, a strong project engineering team is
required. Each project organization follows a common approach to the
engineering process in order to achieve the engineering product with quality
and within a framework of schedule and budget.
From a physical standpoint, safety in a nuclear power plant is
achieved through quality design and quality of each of its components.
Table 3-2 summarizes how this process of achieving safety is performed by
AECL. In the following sections this is discussed in more detail.
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TABLE 3-1
DESIGN RESPONSIBILITY EVOLUTION

NUCLEAR POWER STATION

OWNER

NUCLEAR STEAM PLANT

BALANCE OF PLANT

NPD

AECL

AECL

OH

Douglas Point

AECL

AECL

OH

Pickering A

OH

AECL

OH

Bruce A

OH

AECL

OH

Pickering B

OH

AECL/OH

OH

Bruce B

OH

AECL/OH

OH

Darlington A

OH

AECL/OH

OH
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TABLE 3-2
ACHIEVING SAFETY IN THE ENGINEERING PROCESS
PROCESS

APPLICATION

PRODUCTS

Safety Concepts

Applied to all safety and
safety-related systems

Safety principles,
safety design guides.

Preliminary Design

Applied to structures,
systems or components

Conceptual design
description, preliminary
drawings.

Design Review
- By Peers
- By Supervisors
- By Committees

Applied to all important
engineering products

Verbal and written
comments.

Final Design

Applied to structures,
systems or components

Design manuals,
specifications, drawings,
calculations.

Formal Quality
Assurance

Applied to each engineering QA manuals, QA plans,
process and product
design verification,
procurement QA,
commissioning QA, audits

Analyses
- Systems

For systems and components. Stress reports,
reliability analysis.

- Deterministic
Accident Analysis

For single and dual failure Analyses reports.
Safety report.
events prescribed by the
AECB.

- Probabilistic
Safety Assessment

For possible events.

Safety design matrices.
Probabilistic
evaluations

Licensing

Overall safety of the plant Safety reports, license
support documents.

Procurement

Systems, components,
materials and services

Specifications, bids,
product delivery.

Commissioning Support

As necessary

Commissioning
procedures, technical
advice.

Operational Support

As necessary

Provide technical
support, emergency
response assistance

Operational Feedback.

As applicable to current
and future designs

Significant event
report

- 10 -

3.1.1

Safety Concepts

The basic safety concepts are generated very early in the project
life cycle and are embodied in the safety principles and safety design guide
documents. These documents cover the basic principles and requirements
which govern the way all safety-related structures, systems and components
are designed and built. They are established from good engineering
principles, results of research and development information, operating
experience and regulatory requirements. Some examples of the subjects
covered are: physical separation, earthquake design, adverse environments,
containment design, and fire protection. Many safety requirements are also
documented in the Canadian Standards Association - Nuclear Standard Series.
The process in deriving these standards ensures there is representation and
acceptance by various sectors of the CANDU nuclear industry.
3.1.2

Preliminary Design

In the preliminary design stage, safety requirements, functional
requirements and other specific project inputs are balanced and engineering
choices are made. These choices are reviewed, analyzed and tested to ensure
their validity. The process is iterative until a final design is produced.
3.1.3

Design Review

All critical technical work is reviewed by persons other than the
originators. The minimum is peer review and review/approval by supervisors.
For design areas that are of special importance or novelty, formal reviews
are carried out. The review process generates comments which feed back into
the design process. This could result in revisions to design, change of
engineering scope or need for further analysis. AECL also reviews work done
by its subcontractors when such work has a significant effect on plant
safety or plant performance.
3.1.4

Final Design

All engineering design work is documented to the extent required.
Typical engineering documents are design manuals, technical specifications,
calculations, reports and drawings. Even when a design or document is
designated final, changes could still occur due to field requirements
(things happening during construction and installation), commissioning
findings or findings from new research or operational experience. The
project organization has the responsibility to ensure these changes are
reflected in all aspects of design affected.
3.1.5

Formal Quality Assurance

Much of the documentation produced, and review processes employed,
form part of the overall project quality assurance activities. Although
similar processes may be found in most engineering projects outside the
nuclear industry, to ensure high quality in nuclear power plants, more

- 11 -

comprehensive quality assurance programs were initiated. With the
collaboration of the Canadian Nuclear Association and the Canadian Standards
Association, a series of quality assurance standards (CSA-Z299) have been
produced. These standards cover the design and manufacture of nuclear and
non-nuclear components, specifying varying requirements for items in the
order of their importance. As these standards have developed, they have
been used in the design process. Since 1976, a committee has been devoted
to producing a CSA-N286 series specific to each engineering phase of nuclear
power plants. To date, standards have been produced to cover procurement,
design, construction, installation, commissioning and operation.
Although these nuclear quality assurance standards formalize the
information, most of the principles were in place since the first commercial
CANDU was engineered. The major quality assurance activities in AECL's
engineering responsibilities include: organization; designation of
responsibilities; design control; drawings and documents control; control of
purchased materials; equipment and services; corrective actions; and quality
assurance records and audits.
3.1.6

Analyses

Verification of design validity by calculations, testing and
comparison with establish engineering information is routinely done for all
critical areas of design. Cn a system or component basis, typical
verification consists of stress analyses, thermal analyses, reactor physics
calculations, etc. A very stringent requirement has been imposed on the
design of the special safety systems (those needed to respond automatically
in the event of an accident) to have an unavailability of less than 1 in
1,000 trials. This necessitates substantial care in the system design and
verification.
In order to ensure the operation of a nuclear power plant will not
lead to undue risks of the public, a number of accident scenarios are
postulated and the plant responses are analyzed, usually with the aid of
experimentally verified computer models. These are "deterministic" analyses
defined by the AECB, irrespective of probability. The resulting
consequences must meet specified radiation limits. This type of analysis is
used to define the performance requirements of the special safety systems.
Another type of analysis, basically probabilistic in nature, has
been performed for all CANDU plants since Bruce 'A1. It is a mechanism for
considering more unusual events and combinations of system failures in a
structured way. These studies identified cost effective ways of improving
plant system design and have helped in the preparation of abnormal operating
procedures to be used by station operators in handling such events.
Additional discussion of safety assessment of CANDU plants is
given in Section 5.
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3.1.7

Licensing

Not only must the designer and the owner/operator of CANDU plants
be satisfied that the plants are safe, they must demonstrate this to the
satisfaction of an independent regulatory agency, the Atomic Energy Control
Board (AECB). This process of demonstration is involved in the formal
licensing of the plants. The process is continuous - from the
pre-construction stage to decommissioning of the plant. The AECB has the
legislative power to interrupt the construction, operation or
decommissioning of any plant. The plant owner, which is usually the
utility, is responsible for licensing submissions made to AECB. AECL, in
the role of the designer, has assisted the utilities in the preparation of
design documents and safety analyses. The submissions contain descriptions
and technical data of plant structures, systems and components, and analyses
to demonstrate that the plant meets given requirements. The AECB initiates
a process of review which spans much of the design and construction period
until the granting of a license for plant operation. Thereafter, operation
is reviewed and permitted by periodic license renewal.
Another level of regulatory control is exerted by provincial
authorities responsible for boiler and pressure vessel registration. In
Ontario, the Ministry of Consumer and Commercial Relations reviews, approves
and registers all CANDU pressure-retaining components.
3.1.8

Procurement

To date, for projects in Canada, where AECL takes on the
responsibility of procuring hardware and services for a nuclear plant, it
also acts as the agent for the owner. An engineering system is set up which
ensures the procured items meet the functional, safety and quality
requirements specified and are delivered on schedule and within acceptable
cost. Quality assurance standards adopted by the power plant project are
extended to the supplier so that site visits, inspections and quality
assurance audits by AECL personnel are required.
3.1.9

Commissioning Support

While the responsibility for plant commissioning rests with the
owner/operator, AECL has provided varying degrees of technical support. The
support included preparation of commissioning manuals, procedures, design
change reviews, and secondment of personr°.l. Commissioning experience from
CANDU plants is fed back to the designer (.and to other plants) to benefit
other existing plants and future plant designs.
3.1.10

Operational Support

The technical resources of AECL are available to operating CANDU
plants. AECL participates in performance and "significant event" reviews,
and prepares designs for plant modifications, provides special tools
development and organizes information sharing. AECL also provides
assistance, as needed, should operational problems arise.
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AECL is an active supplier member of the Institute of Nuclear
Power Operations which is a U.S.-based network for information exchange
between utilities and other organizations in the nuclear industry.
There is also an organization for CANDU plant operators, the CANDU
Owners Group. The participants include Ontario Hydro, AECL, Hydro Quebec
and New Brunswick Electric Power Commission. This organization provides
operational information exchange as well as sharing of certain research and
development efforts. Additional discussion of operating station support is
given in Section 6.
AECL also participates in the preparation and testing of emergency
response plans for CANDU plants in Ontario.
3.1.11

Operational Feedback

AECL has a cooperative relationship with CANDU utilities. This
enables experience in plant operation to feed back into the design concepts
and design review processes for successive plants.
3.2

THE INTERNATIONAL NUCLEAR COMMUNITY

AECL, in its aquisition of information and expertise, is able to
learn from the other countries which have developed nuclear power programs.
The channels that enable this technical exchange include conferences,
publications, joint research programs and engineering contracts. The
benefits from such exchange contribute to each of the engineering processes
and products. Examples of forums for the exchange of such information are
the International Atomic Energy Agency, OECD/CSNI, and the conferences
sponsored by nuclear societies in various countries.
3.3

SUMMARY

From fundamental research to decommissioning, AECL has played a
major role in ensuring the safety of each CANDU nuclear power
plant. Through a network of established engineering processes, with checks
and safeguards, we ensure that our responsibilities are carried out in a
manner that will meet or exceed the safety levels prescribed by the
regulatory authority. Moreover, the role of AECL and how it meets the
challenge of safe nuclear power are not passive and static. They are
constantly evolving in response to new knowledge and the growing experience
in the nuclear power industry worldwide.
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Section 4
Safety Design Features

4.

SAFETY DESIGN FEATURES

4.1

INTRODUCTION

An accident at the NRX research reactor at Chalk River in 1952 was
a key factor in shaping thinking on nuclear safety in Canada. The lessons
learned from the NRX accident helped form a distinctly Canadian nuclear
power safety philosophy. This philosophy has evolved in a continuous manner
from those early days.
In NRX, the shutdown system was a part of the reactor regulating
system. In other words, there was no separation between the control and
shutdown systems. In any such system, the capability of the shutdown
function is dependent on correct operating procedures while the system is
used in a control function. In modern parlance the system was prone to
cross-linked failure. Dr. George Laurence, who later became President of
the AECB, Canada's regulatory body, was the first to clearly state the
following safety design principles:
1)

Process systems (the normal systems which are used to keep the
plant running) and safety systems must be independent of each
other.

2)

Safety systems must be independent of each other and testable.

3)

Nuclear reactor operators should be given primarily an audit role,
thereby unloading them of the repetitive control tasks which lead
to boredom and complacency.

These design principles were applied in the CANDU prototype
station (NPD) which started operating in 1962, and have become the
foundation for safety design in all subsequent CANDU plants.
4.2

SINGLE AND DUAL FAILURE GUIDELINES

Prior to describing the CANDU safety design features, mention
should be made of the AECB guidelines for accident conditions. These
guidelines follow from an essentially risk-based approach and are based on
the concept of "single and dual failure" events. A "single failure" is a
failure of a single process system. A "dual failure" is a coincident
failure of a process system and unavailability of any one of the special
safety systems. The AECB guidelines are summarized in Table 4-1. These
guidelines put restrictions on the frequency of each event, on individual
dose, and on the total population dose as a result of the event. Note that
there is an inherent probabilistic basis for these guidelines - they
recognize that an accident with a higher potential frequency should have
tighter standards for limiting radioactive releases.
It should be emphasized that the AECB guidelines specify maximum
allowable frequencies and doses for accident conditions. In practice, of
course, the accident frequency has to be much lower for economic reasons.
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TABLE 4-1
AECB GUIDELINES FOR ACCIDENT CONDITIONS

EVENT

MAXIMUM
FREQUENCY

Single Failure

1 in 3 yr

Dual Failure

4.3

1 in 3000 yr

INDIVIDUAL
DOSE LIMIT

TOTAL POPULATION
DOSE LIMIT

0.5 rem whole body

10* man-rem whole body

3 rem thyroid

10* thyroid rem

25 rem whole body

10 6 man-rem whole body

250 rem thyroid

10* thyroid rem

DEFENSE IN DEPTH

The general principles of the Canadian safety philosophy can be
expressed in terms of the "defense in depth" concept, which involves
accident prevention, accident mitigation, and accident accommodation. This
concept recognizes that accidents can be caused by a wide variety of events,
e.g., equipment failure, human error. According to this concept, the design
aims at:
a)

preventing accidents in the first place,

b)

limiting the progress of an accident, should one happen, and

c)

limiting the effects that an accident may have on the public.

From the outset, the safety objective has been to ensure that the
risk to the public presented by nuclear power plants is substantially lower
than that from alternative sources of electrical energy such as coal (see
Section 5 ) .
Defense in depth also means that there should be multiple barriers
to radioactivity releases, and that there should be more than one level of
defense against any accident. This approach leads to a multi-barrier,
multi-defense system which is tolerant to a wide range of human and
equipment failure whether or not anticipated by the designers.
Defense in
depth is achieved via the following design provisions:
a)

High level of equipment quality: All systems are designed to
codes and standards which demand the highest quality in materials
and workmanship. This makes equipment failure in itself
unlikely.
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b)

System redundancy and fail-safe design: Important systems are
designed with redundancy, such that the loss of a single component
does not cause the loss of the whole system. Should the function
of a component be lost, its effect should result in a "fail-safe"
state.

c)

Regulating and process systems: These systems are designed to
maintain all operating parameters within acceptable ranges; hence
they can cope with common operating transients without resort to
the special safety systems.

d)

Special safety systems: If important process system parameters
cannot be adequately controlled, special safety systems will shut
down the reactor, provide long-term cooling of the fuel, and
contain potential releases of radioactivity.

The philosophy described above is embraced in the safety design of
CANDU reactors. The specific application of the philosophy has, of course,
developed continuously through the years, as the technology matured, as
plant design itself evolved and as methods of analysis became more
comprehensive. A constant concern for safety, and continuing assessments,
have in several cases led to retrofits of newer systems in older plants.
The aim here is to describe the safety-related features of the
CANDU design, as they apply to the different plants.
4.4

GOOD ENGINEERING PRACTICE

Designing for safety in CANDU starts with the application of basic
principles of good engineering practice. These principles help to reduce
the probability and consequences of accidents. Some examples of these basic
principles are:
a)

fundamental quality of design and design engineering,

b)

quality assurance during design, manufacture and installation,

c)

provision of redundancy of important components (pumps, valves,
control and safety circuits),

d)

provision of functional independence and physical separation of
control and safety systems, and

e)

in-service inspection of critical components.
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4.5

INHERENT CHARACTERISTICS WHICH ENHANCE SAFETY

There are many characteristics which enhance safety and which are
inherent to the CANDU concept and apply broadly to all CANDU reactors
(except as noted below). These are described in the following
subsections.
4.5.1

Separation of Moderator From Coolant

The pressure tube concept allows the coolant to be physically
separated from the moderator. Further, calandria tubes provide thermal
insulation to the moderator (which is separately cooled). The moderator can
therefore be kept at low temperature and near-atmospheric pressure. It thus
represents a benign environment in which the control system and
shutdown system reactivity devices are located at positions between fuel
channels. The low pressure means that the moderator pressure cannot impede
shutdown device action, and there exists no mechanism for ejection of the
reactivity devices.
4.5.2

Near-Optimum Arrangement of Channels

The geometry in CANDU (fuel, coolant, and moderator) is a near
optimum from a reactivity standpoint. If all fuel channels were either
pushed apart or brought together as a result of some accident, any
reactivity increase would be negligible. In fact, a reactivity decrease
would be far more likely, leading to inherent reactor shutdown.
4.5.3

Low Excess Reactivity

Because of the use of natural uranium and the use of on-power
refuelling, CANDU reactors have very low reactivity control requirements,
and operate with low values of reactivity in moveable control absorbers,
used for fine-tuning normal operating conditions in the reactor. Hence, the
reactor regulating system needs only a limited reactivity range. The
maximum reactivity insertion rate achievable by driving out all devices is
limited to a value much smaller than the capability of the shutdown systems
to insert negative reactivity.
4.5.4

Small Variation in Power Distribution Shape

In CANDU reactors, daily refuelling maintains the reactivity
balance, and differential fuelling rates in different regions of the core
are used to shape the power distribution over the long term. On-power
refuelling permits operation with an essentially constant power shape.
The "worth" of reactivity devices in a reactor core is dependent
on the flux shape. Since the global flux shape is kept essentially constant
in CANDU reactors, the "worth" of the control and shutdown devices varies
very little with time. This assures essentially constant control and
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shutdown margins over the life of the reactor, and thus eases the variation
of requirements placed upon the design of the control and shutdown systems.
4.5.5

Moderator Heat Sink

Since the moderator is cool (-v 70°C), it can serve as a very
effective heat sink under severe accident conditions. For those reactors
without moderator dump as a shutdown mechanism, the moderator in the
calandria is available as a heat sink. This can remove decay heat and
prevent fuel melting even with a coincident loss of coolant and loss of
emergency cooling.
The low temperature of the moderator also means that the moderator
cannot appreciably add to the energy introduced into containment under
accident conditions.
In Pickering A, moderator dumping was designed to augment the
shutoff-rod shutdown system. In order to preserve the moderator volume as
an immediate heat sink, the moderator-dump-arrest parameters have more
recently been modified to prevent moderator dumping under such conditions,
(provided the shutoff rods have entered the core and have reduced the
reactor power sufficiently as would be the normal case).
4.5.6

No Criticality Hazard With Light Water

Since a lattice of natural uranium and light water cannot be made
critical in any configuration, there exists no criticality problem in the
spent fuel bay of CANDU reactors.
4.6

SEPARATION, DIVERSITY, AND TESTABILITY

The engineered safety design of CANDU reactors is built around
the principles of separation, diversity, and testability. These ideas are
first discussed in a general manner; the engineered safety features are then
described in further detail.
4.6.1

Separation

The NPD reactor was the first to fully separate the control and
shutdown functions in independent systems. Obviously control and shutdown
were the first targets for separation because of the NRX experience. By the
time the Douglas Point reactor was built, independence of all safety systems
from each other and from the normal process systems had become a formalized
rule for safety design. The safety systems - shutdown, emergency core
cooling, containment - use no components of the normal process systems. For
instance, the neutronic instruments used to provide trip signals in the
shutdown systems are not the ones used for the control system. The process
signals such as coolant pressure used to initiate emergency core cooling are
not the ones used for process control.
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4.6.2

Testability

The mechanical failure in the shutoff rods, which contributed to
the NRX accident, led Dr. Laurence to propose that all future safety systems
be designed for on-power testing. This feature, now standard on all CANDU
power reactors, detects faults which would otherwise be invisible in dormant
systems and shows within a few years of plant operation that the desired
system reliability is being achieved. All safety systems use three-channel
logic in which any two voting to trip will cause a trip. This enables the
testing of instruments and logic of one channel without activating the full
system.
Each safety system is designed for periodic on-power testing, with
a maximum unavailability target of 10" 3 .
4.6.3

Diversity

Diversity is used extensively in CANDU reactors to prevent
common-mode failure. The reliability achieved by repeating a device
(redundancy) is eventually limited by the common-mode event which can fail
all the devices. This limitation is minimized by using a different device
to accomplish the same function, i.e., providing diversity. CANDU uses
diversity in the trip parameters, diversity in the shutdown systems, and
diversity in heat sinks. These applications of diversity are described in
greater detail below.
4.7

ENGINEERED FEATURES PERTINENT TO SAFETY

In this section, the engineered safety features of CANDU reactors
are described in more detail.
4.7.1

Heat Transport System

The most significant feature of the heat transport system (HTS) of
CANDU reactors is that, in the core, several hundred pressure tubes,
rather than a single large pressure vessel, are used to contain the high
pressure coolant. There were two major reasons for this design choice natural uranium fuel is most efficiently used if there is on-power fuelling
of the reactor, (which is difficult to provide with a pressure vessel), and
manufacture of a pressure vessel for a large reactor would be impractical in
Canada. A schematic diagram of a CANDU 600 heat transport system is shown
in Figure 4-1.
The reactor is at the low point of the entire heat transport
system, i.e., all major components of the system are located at a higher
elevation than the reactor. This arrangement permits thermosyphoning when
there is a loss of power to the main coolant pumps. The lowest point in the
system is obviously the best point for the reactor to be located, with
respect to emergency core cooling following a loss-of-cooling accident.
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FIGURE 4-1

HEAT TRANSPORT SYSTFM

Another distinctive feature of the CANDU heat transport system is
that it uses generally small piping. The reason for this is primarily
economic, i.e., to minimize the heavy water inventory, since heavy water is
expensive.
4.7.2

Diversity in Backup Cooling

Extensive diversity is used for the backup cooling systems.
Normal fuel cooling is a pumped flow of pressurized heavy water which picks
up fuel heat and transfers it to the steam generators. Motor-driven
feedpumps provide the secondary coolant flow of ordinary water to the steam
generators. The feedpumps are backed up by auxiliary pumps each capable of
providing the feedflow for a shutdown reactor. Should all feedpumps fail,
water from a tank can be fed to the steam generators once the secondary
circuit is depressurized.
On the primary side, should the primary coolant pumps fail, the
reactor power is reduced and the primary coolant will thermosyphon over the
fuel (low point in the system) and rise to the steam generators (high point
in the system). Alternatively, a shutdown cooling system with its own pumps
and heat exchangers can be used to cool the primary coolant (in some systems
a range of conditions for use of the shutdown cooling system is possible up
to full system pressure and temperature).
Should primary coolant be lost, coolant makeup is performed by the
normal makeup system, backed up by emergency core cooling for a loss of
coolant. Further, it is possible to use the emergency water supply system
as a primary coolant makeup.
This multiplicity of heat removal systems makes the CANDU reactor
tolerant to failures.
4.7.3

Electrical Power Systems

The CANDU station electrical power systems are classified into
four specific classes: Classes I, II, III, and IV. The classes relate to
interruptions of power which can be tolerated. Specific safety, equipment
protection and process considerations pose different requirements with
respect to permissible and acceptable interruptions in power supply, ranging
from no interruption for Classes I and II, to long duration (hours)
interruption for Class IV. The classes are characterized as follows:
Class
Class
Class
Class

I
II
III
IV

-

uninterruptible dc power supplies
uninterruptible ac power supplies
short-term (minutes) interruptible ac power supplies
interruptible (long-term duration) ac power supplies

Class IV power is supplied from the external grid and/or the station
turbine-generator. Class III derives its power supply from the grid and/or
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the turbine-generator and/or standby diesel generators. Classes I and II
derive their power supply from the Class III system and/or batteries.
4.7.4

Safety Circuit Design

Special rules are applied in the design of safety circuits to
ensure separation of all channels in any safety system. This separation
applies to equipment cabinets, cable routing, and power supplies.. In
addition, two separate cable routes are used to, and within, the reactor
building for safety-related circuits. For example, the routing in the
CANDU 600 is:
Route 1
Shutdown system No. 1
Generator-reactor control instrumentation
Emergency core cooling system
Route 2
Shutdown system No. 2
Decay heat removal systems
Containment system
4.7.5

Special Safety Systems
There are generally four systems designated as special safety

systems:
a)

Shutdown system No. 1 (SDS1)

b)

Shutdown system No. 2 (SDS2)

c)

Emergency core cooling system (ECCS)

d)

Containment system

These systems are independent in design and operation from any of
the process systems and the regulating system.
4.7.5.1

Diversity in Shutdown Systems

The shutdown capability is the strongest example of diversity in
CANDU. SDS1 and SDS2 are dedicated to shutdown, and are diverse in design.
A schematic diagram of the CANDU 600 shutdown systems is shown in
Figure 4-2. They exist in addition to the reactor control system, which by
itself can safely shut down the reactor except for the most severe
transients (such as a large loss-of-coolant accident).
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FIGURE 4-2 SHUTDOWN SYSTEMS

These two special safety systems provide CANDU with an extremely
reliable shutdown capability which is not dependent on the operating state
of the reactor.
The emphasis on shutdown performance, and independence from
reactor control, are hallmarks of Canadian safety philosophy going back to
early days of power reactor development in Canada. The safety shutdown
function is fully independent of the control system, and unlike Chernobyl,
is capable, under any accident conditions, of shutting the reactor down.
The existence of two independent shutdown systems in later CANDU
units, each with a demonstrated unavailability of less than 10~3/year,
provides additional diversity through the basically different designs,
detailed in Sections 4.7.5.2 and 4.7.5.3.
4.7.5.2

Shutdown System 1 (SDS-1)

SDS-1 is the primary method of quickly shutting down the reactc-.
SDS-1 employs cadmium-loaded shutoff rods. These rods drop vertically into
the core under gravity. The drop is spring-assisted to decrease insertion
time. The number of shutoff rods in the various reactors is shown in
Table 4-2. In order to provide greater reactivity depth and speed of
action, Pickering A units 1 and 2 have been backfitted with a larger number
of shutoff rods, 21 per reactor. The retrofit will also go into units 3
and 4.
4.7.5.3

Shutdown System 2 (SDS-2)

Starting with Bruce A, CANDU reactors have been provided with a
second fully independent method of quickly shutting down the reactor, with
sufficient reactivity and speed to fully cope with all identified process
failures. SDS-2 operates through the rapid injection of a concentrated
gadolinium nitrate solution into the moderator through horizontally located
nozzles. It is completely separate from SDS-1 in terms of tripping
mechanism: the logic circuits actuating SDS-1 and SDS-2 are separate, and
in-core flux detectors connected to SDS-1 are located in vertical guide
tubes; those connected to SDS-2 are located in horizontal guide tubes.
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TABLE 4-2
NUMBER OF SHUTOFF RODS IN SDS-1

NUMBER OF SHUTOFF RODS

REACTOR MODEL

4.7.5.4

Pickering A (original)

11

Bruce A

30

CANDU 600

28

Pickering B

28

Bruce B

32

Pickering A (retrofit)

21

Darlington

32

Emergency Core Cooling System

All CANDU reactors were designed with an emergency core cooling
system (ECCS), whose purpose is to reflood the core and keep the fuel cooled
in case of a loss of coolant. The ECCS in all reactors since Bruce A was
designed as a high pressure injection system, whereas the ECCS in
Pickering A and Bruce A were low pressure systems. However, Pickering A and
Bruce A are being retrofitted with high pressure emergency coolant injection
systems to provide improved performance.
Figure 4-3 shows a schematic diagram of a CANDU 600 high pressure
ECC system.
4.7.5.5

Containment System

The containment system is an envelope around the "nuclear"
components of the reactor and the heat transport system and is designed
as a barrier to prevent any significant amounts of radioactivity from being
released to the public, even if it were released from the fuel and heat
transport system (HTS). It provides a leaktight barrier that is designed
for the pressure and temperature conditions of the most severe pipe break in
the heat transport system.
The containment system used on multi-unit Ontario Hydro nuclear
stations includes a vacuum building. This is a large negative-pressure
building, connected to the reactor buildings. During normal operation the
vacuum building is held at low absolute pressure and is separated from the
reactor buildings by deadweight relief valves. If an accident such as a
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FIGURE 4-3

ECC INITIAL HIGH PRESSURE OPERATION

loss of coolant occurs, the pressure rise due to the steam and hot water
released into the reactor building would open the pressure relief valves,
relieving the pressure into the vacuum building, where water sprays to
condense steam automatically initiate at a predetermined vacuum building
pressure. Very quickly after an accident the pressure everywhere within
containment is lowered to sub-atmospheric, preventing any release of
radioactive materials from the containment system. The large quantities of
water available (wet atmosphere) promote creation of stable forms of
radioactive compounds, which would be captured in the water.
A.7.6

Safety Support Systems

The safety support systems are the emergency water supply and the
emergency power supply. These services are located in a remote area of the
plant and serve as a backup to other systems, in particular following
earthquakes or other events which could lead to a loss of primary support
functions. These systems are designed so that reliability is not
significantly affected by design-basis common-mode events.
The emergency water supply can be connected to both the heat
transport system or the secondary side cooling circuit. In addition, the
emergency water supply can supply water to the emergency core cooling heat
exchangers.
The emergency power supply is designed to supply the power for the
emergency water supply pumps and valves. In addition, it serves as an
alternative to power the emergency core cooling pumps and certain emergency
core cooling valves, as well as other safety and control systems which are
under operator control from the remote secondary control area.
4.7.7

Direct Digital Computer Control

The CANDU system has been a leader in the application of computers
to reactor control (see Figure 4-4). From the outset of the Pickering
design, the computer has played a central role, and all major plant
processes are computer-controlled. This is in keeping with the lesson
learned from NEX that nuclear operators should be given primarily an audit
role, freeing them from repetitive control tasks.
Digital computers are employed in CANDU for station control,
alarm, annunciation, and data display. Direct digital control is used for
such functions as regulating power, HTS pressure, steam pressure, and steam
generator control. In addition, the fuelling machines and turbine runup are
computer-controlled. All safety systems employ hard-wired circuitry, except
in Darlington, where digital computers are employed for both SDS-1 and
SDS-2.
The computer system consists of two identical, independent digital
computers. Each computer is capable of complete station control. Should a
failure occur in the controlling computer, an automatic transfer is made to
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the standby computer. Experience has demonstrated that these computers each
have an availability in excess of 99%. As a result, the dual-computer
system assures the very high reliability required for station control. All
important transducing instruments are duplicated and the computer performs
continuous self-checks. In case of a fault in both the controlling and the
backup computer, all reactivity devices are automatically put into a safe
configuration.
The plant is automated to require a minimum of operator actions.
Control algorithms and systems and instrumentation are also designed to
minimize the number of unnecessary trips by strong control action. A design
objective has been to make the intervention of the special safety shutdown
systems unnecessary in all cases except for major accidents in which public
safety is threatened. In many situations strong control action is motivated
by potential economic consequences, which often imposes stronger constraints
on the control actions than those required from safety considerations.
4.7.8

The Two-Group Separation of Systems

Safety functions which must be performed by plant systems or
components to ensure public safety following an accident are:
a)

to shut down the reactor

b)

to cool the fuel

c)

to monitor the state of the plant during and after an accident

As the safety philosophy developed, a two-group concept was
introduced (starting with Bruce A) to provide protection against common mode
events which extend over a limited area (e.g., fire, earthquake).
In the two-group concept, systems are separated into two groups,
so that following any design-basis common-mode event, at least one group
will be capable of providing shutdown, cooling and monitoring functions.
The grouping is shown in Table 4-3. The provision of duplication and
diversity is limited in general to equipment located outside the reactor
building (e.g., the HTS and steam generators are common to both groups).
SDS-1 devices are all introduced from the top of the core, while SDS-2
devices enter from the side. All cables feeding group 1 and group 2 systems
are routed separately. The emergency power and water supplies are in a
remote location on the station and a secondary control area is provided,
located remotely from the main control room.
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FIGURE 4-4 REACTOR REGULATING SYSTEM

TABLE 4-3
THE TWO-GROUP CONCEPT

SAFETY FUNCTION

GROUP 1
SYSTEMS AND EQUIPMENT

GROUP 2
SYSTEMS AND EQUIPMENT

Shut Down Reactor

Shutdown System No. 1

Shutdown System No. 2

Remove Decay Heat

Normal Electrical
Power and Cooling
Water Supplies

Emergency Power
Supply and Emergency
Water Supply

Post-Accident Monitoring

Main Control Room

Secondary Control Area

4.7.9

Diversity in Tripping Parameters

Diversity in tripping parameters has been a feature of CANDU
reactors since the earliest station. For each type of postulated accident
two different tripping parameters are provided, wherever practical - for
instance, a neutronic trip and a process parameter trip.
4.7.10

Light-Water-Filled Calandria Vault

Starting with Bruce A, the calandria vault was filled with light
water to act as a thermal and biological shield. This large amount of light
water can serve, in addition to the moderator, as a heat sink under severe
accident conditions.
4.8

EQUIPMENT AGING

The effects of equipment aging can have effects on the plant
availability, reliability and safety. From the designer's point of view the
following precautions are made:
1)

Equipment redundancy so that a single failure generally will not
incapacitate a system function.

2)

Care to facilitate in-service inspection and testing so that the
effects of aging can be monitored.

3)

Provision for easy equipment replacement. Improvements in the
area of fuel channel replacement are currently receiving
additional attention.
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4)

4.9

Where replacement is not easy (e.g., steam generators) a
conservative design approach is used combined with careful control
of those parameters which affect speed of material degradation
(e.g., system chemistry).
SUMMARY

CANDU reactors have many inherent and engineered features
pertinent to safety. The combination of these features provides a design
which is forgiving of the unexpected, the unexpected being a feature of all
accidents.
The CANDU safety design follows the defense-in-depth approach, and
is based on the principles of separation, diversity, and testability. The
application of these principles to the safety design has been in continuous
evolution, always striving for increased safety.
Figures 4-5 and 4-6 summarize schematically the evolution with
CANDU nuclear plants of the safety system design and of the protection
features against external and common-mode events. Note that although these
charts indicate 'step' changes, many of the latter concepts were, in fact,
effectively incorporated in earlier designs, although in a less formally
identified manner.
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5.

SAFETY ASSESSMENT

5.1

HISTORICAL PERSPECTIVE

The design of nuclear power facilities in Canada has a long
history of reducing the risk to a level lower than that for competing
technologies (particularly coal-fired plants). Initially, (in the late
1950s) the safety goal was to keep the nuclear risk to one fifth of the
level of prompt fatality risk from coal-fired plants of comparable output.
Assessment of this risk included the risks associated with mining and
transport of the fuel. This goal was progressively tightened so that for
Douglas Point the objective was about 200 times tighter than the initial
goal.
Further evolution in the licensing process have brought us to the
present goals and methods of risk assessment, which will be discussed in the
following sections. A more complete recounting of the evolution of safety
goals in Canada is found in Reference 5.
5.2

CURRENT PLANT ASSESSMENT METHODOLOGY

Nuclear plants most recently licensed for full power operation in
Canada include Pickering B, Bruce B, Gentilly-2 and Point Lepreau. The
safety of these plants was evaluated using a mixture of deterministic
and probabilistic assessment techniques.
5.2.1

Deterministic Methodology

Using a set of prescribed conservative assumptions, failures of a
component or system function were analysed to determine the releases of
radioactivity that could occur and the resulting effect on the surrounding
population. As described in Section 4.2, the predicted doses for an
individual at the plant site boundary and for the surrounding population had
to be less than dose guidelines even though some of these failures would be
very unlikely to happen; there was no formal recognition of the concept that
less likely events could release more radioactivity and still provide a very
small contribution to the risk posed by the plant to the surrounding
population.
In addition to these "single failures", failures in a system or
component were evaluated in combination with failure of a special safety
system to intervene. In recognition of the lower frequency of these
combination events (called "dual failures"), the dose for limits "single
failures" are somewhat smaller than those for "dual failures".
Note that the single/dual failure deterministic approach has been
a feature of Canadian licensing/safety practice on all plants built after
Douglas Point. The dose requirements for dual failure led eventually to the
incorporation of a second shutdown system in designs after Pickering A.
This was done in recognition of the difficulty of defining the outcome of a
failure-to-shut-down case with any great precision.
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In the course of licensing Bruce A it was recognized that this
approach could not easily address the accident recovery phase which involved
the reliability of several safety support systems and the operator. Hence
probabilistic assessment techniques were brought to bear on these areas.
5.2.2

Probabilistic Safety Assessment

In order to address the questions associated with multiple system
failures and failures in support systems in a post-accident recovery phase
in a more integrated way, a probabilistic methodology was developed by the
designer. Fault trees were constructed for the various systems to calculate
failure frequencies, system unavailabilities and dominant failure modes.
For each initiating event, event trees were constructed to show the plant
response as a function of time for the initiating event alone and for the
initiating event combined with failures in mitigating and support systems.
Each sequence of events was followed through until the plant was shown to be
in a stable state or the frequency of the event combination was low enough
that the combination was not likely to be dominant in the plant risk (a
frequency cutoff of the order of 10' 7 events per year was used).
These reviews were of great use in two areas:

5.3

1)

Some design changes (in particular, in the "conventional side" of
the plant including feedwater, electrical and cooling water
supplies) were identified as being of a relatively large safety
benefit for small additional cost. Those changes which had
significant safety benefit were installed on the plants before the
plant operated.

2)

As these reviews identified the most likely plant response as a
function of time, they greatly aided in preparation of emergency
procedures and training programs for operators.
POINT LEPREAU-2 LICENSING INITIATIVE

For several years now, the nuclear industry has recognized a
dichotomy between the single/dual failure deterministic approach and the
probabilistic approach. Proposals have been made by an inter-organizational
working group (IOWG), by Atomic Energy Control Board (AECB) staff and by the
Advisory Committee on Nuclear Safety (an AECB advisory group), to provide
one consistent framework in which to judge all reactor safety questions (as
discussed in Reference 5 ) .
In recognition of these evolutionary developments and also
recognizing that changes in plant design late in the construction process
can occur because of misunderstandings between the AECB and the designer and
licensee over safety requirements, AECL undertook to negotiate with the AECB
a framework for the licensing of a second (i.e., repeat) CANDU 600 unit at
Point Lepreau. These negotiations resulted in agreement with the AECB as to
how the second unit would be licensed and agreement as to the safety
objectives to be met by the design.
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In the course of these discussions it was recognized that
evaluations of plant safety had to meet several objectives and that
different methods and criteria were appropriate to each objective. The
objectives, methods and criteria identified were:

5.4

1)

To assess the performance of the special safety systems, the
single events to be analysed and the primary criteria were
identified. These events are also combined as appropriate with
failures of safety system intervention. Generally speaking, the
single/dual failure dose limits outlined previously are used along
with prescribed conservative analysis assumptions. The results of
the analysis are then used to finalize design parameters for the
safety systems, including environmental qualification
requirements.

2)

To assess the most probable plant response to disturbances; to
identify the dependence of that response to proper corrective
action by the operator; and to demonstrate independence between
the initiating event (system failure) and the mitigating systems.
Almost 300 events were identified to be analysed in this category.
Probabilistic evaluation methods (fault tree/event trees) are used
to evaluate event probabilities and the consequences are
calculated using best estimate methods. The results are then
judged against the risk criteria shown in Figure 5-1.

3)

To assess the plant's capability for safe shutdown, decay heat
removal and containment for common-cause events, such as
earthquakes. These assessments are necessarily somewhat
qualitative rather than quantitative because of the large number
of possible combinations of system failures. These evaluations
define the degree of equipment qualification, separation and
protection required to ensure safety following a common-cause
event. These requirements are additional to those defined by the
analyses of safety system capability outlined in 1) and 2) above.
The events to be considered will be specific to each site.

4)

To assess the features of the plant design or operation which
reduce the probability of certain postulated events to such an
extremely low level that failure consequences need not be
considered (an example is a massive failure of the cooling water
intake tunnel). Also failures which result in radioactivity
levels that are judged to be insignificant for public safety are
placed in this category.
ASSESSMENT OF SAFETY IN OTHER CONTEXTS

In the previous sections, we have outlined the assessment of CANDU
safety given the context of Canadian regulations. In other countries where
CANDUs have been built, the indigenous regulatory agency has, for the most
part, accepted proof of licensing in a Canadian context as adequate proof of
safety for their own use.
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In some other countries where CANDU is being considered, the
regulatory groups and the nuclear industry have a long standing history of
working with other reactor types (particularly light water reactors). In
the Japanese context, for example, the Electric Power Development Company
has for several years been studying the application of CANDU in a Japanese
setting. They have concluded that CANDU can be shown to meet Japanese
requirements including licensing/safety requirements. Some minor design
changes would be required to "meet the letter of the law" but there is
nothing intrinsic to the CANDU design that would preclude siting in Japan
(Reference 6 ) .
In the case of the Netherlands, there is a concern with very
severe, "beyond design basis" events (for any reactor design). Their
concern arises because of the high population density in their country and
the possibility of land contamination and the resulting economic
implications from a catastrophic event. We have recently initiated a study
in cooperation with the Dutch to look at siting a CANDU in the Netherlands.
Part of this study is a comparison of the relative safety of CANDU and LWR
designs. Preliminary results indicate that existing CANDU 600 designs are
about an order of magnitude less likely to have a catastrophic accident than
a typical LWR. In fact, the results indicate that the existing CANDU 600
design compares favourably with "ultra safe" light water reactors (designs
yet to be built, e.g. Sizewell ' B ' ) . Further work is being pursued over the
next year to refine our estimates in this area, and inherent CANDU fe=tures
are being further evaluated to possibly demonstrate an even lower predicted
risk.
5.5

SAFETY ASSESSMENT CONCLUSIONS

The history of safety assessment and safety goals in Canada shows
a trend from being five times safer than coal technology to being several
orders of magnitude better. This escalation has been accompanied by an
increasingly stringent examination of the design to show that safety system
design, supporting service system design, human aspects (procedures/
training) and common-cause external events are considered in the design
process.
The resulting design is one that can meet regulatory requirements
developed independently in other jurisdictions (e.g., Japan) without
fundamental design change. The CANDU design offers safety at least as good
as (and in most cases better than) other commercially available reactor
designs in terms of protection against catastrophic releases.
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6.

OPERATING STATION SUPPORT

6.1

INTRODUCTION

The safe operation of nuclear generating stations has been, and
will continue to be, achieved by the application of safety principles during
all stages of the design, construction and operation of the station.
AECL's primary responsibility to the safe operation of CANDU
nuclear generating stations is to ensure that the design has incorporated
the full scope of safety principles as identified by the designers, owners
and regulatory agencies. These principles, and their application to the
design phase through the concept of defense in depth, have been discussed in
earlier sections. The purpose of this section is to describe AECL's
response capability and responsiveness to support the safe operation of
CANDU nuclear generating stations whether located in Ontario, other Canadian
provinces or world wide.
The importance of the highest level of safety and reliability in
the operation of nuclear generating stations is well recognized world wide.
In addition, the recent severe accidents such as Chernobyl and Three Mile
Island have emphasized and re-emphasized this importance. They have
highlighted the importance of a satisfactory man-machine interface,
including documentation of good operating practices, training of operators,
information exchange and analysis of significant events.
Within Canada the prime responsibility for operation rests with
the utility, while the technical divisions of AECL and the utilities
provide all major support capability in the areas of design, analysis,
research and development. Cooperation between AECL and the CANDU utilities
was fundamental to the development of the CANDU concept and continues as the
program matures. Recent statements made by utilities in public forums speak
of this cooperation:
"Behind the outstanding plant performance were the invaluable and
highly professional technical supports from AECL" (Reference 7 ) , and
"Full credit is given to an excellent reactor concept, to the technical
support of both AECL and Ontario Hydro, and to the cooperative
arrangements ... as major contributors to the success achieved"
(Reference 8)
The statistics on plant performance speak for themselves. Using
data from the World Nuclear Industry Handbook, 1987 published by Nuclear
Engineering International, it is found that:
"CANDU PHWRs have recorded the best average lifetime load factors,
despite the lengthy shutdown of the Pickering 1 and 2 units for fuel
channe1 replacement."
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Specific data of note is that six CANDU stations rank in the first
15 in the world in terms of the annual load factor and the cumulative load
factor.
Another measure of performance used in the nuclear industry in
that of fuel defect rate and steam generator tube defect rate. Low failure
rates for these indicators are a demonstration of good operating practices
and a firm understanding of correct station operation. Excellent
performance has been achieved in both of these areas.
In summary, an excellent performance record is a prime indicator
of a safe and well operated plant.
6.2

AECL SUPPORT IN RESPONSE TO ACCIDENTS

The response to accidents at operating stations will vary
according to the significance and nature of the event. On request from the
station, advice or personnel visits are made to assess the situation. When
warranted, a larger team of experts with specific experience in the relevant
design or operational needs are made available. Due to the large database
of design and operating experience developed from the more than
150 reactor-years of CANDU operation, relevant experience or advice is
readily available.
In the longer term following any significant event, either in a
CANDU reactor, or in another design, a more detailed assessment is carried
out to ensure that all the lessons have been learnt. This assessment
includes a detailed examination of the components affected and commonly a
computer simulation of the event, including possible "what-if" scenarios.
In some cases, valuable expertise from the ongoing research and development
activities of AECL contribute to understanding of a significant event.
Results from these studies are made available to all design organizations
and operating stations, through appropriate national and international
links.
A specific example of analysis of a significant event is described
in Refer .nee 9.
6.3

CANDU OWNERS GROUP

CANDU technology and design is sufficiently unique that close
cooperation and mutual assistance among owners of CANDU stations is
desirable to ensure a continuing good operating record. A major step
towards realization of this close cooperation and mutual assistance was
taken with the founding of a CANDU Owners Group (COG) by the Canadian CANDU
owner utilities and AECL.
The CANDU Owners Group was brought into being by an agreement
dated January 1, 1984 among the four founding members - Ontario Hydro,
Atomic Energy of Canada Limited, Hydro Quebec, and the New Brunswick
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Electric Power Commission - setting forth a "framework for cooperation,
mutual assistance and exchange of information as may be found necessary or
desirable from time to time for the successful operation and maintenance of
CANDU nuclear electric generating stations". The agreement provides for a
central group to administer activities. This central group, known as COG
Operations, reports to a Directing Committee comprised of senior management
from each member organization. Each member also appoints a "Contact
Officer" to act as a working level "window" into his respective
organization.
COG Operations are responsible for administration of CANDU Owners
Group activities and provision of services as defined by policies and
procedures approved by the Directing Committee. The fundamental objectives
of COG are threefold:
a)

to facilitate an exchange of information among CANDU station
owners and operators;

b)

to provide a forum for the planning and funding of generic
programs; and

c)

to provide a basis for mutual assistance.

Among the benefits are:
a)

pooling of operating experience (of abnormal events and of
operating problems, their solutions and design enhancements);

b)

joint funding of development programs, and

c)

establishment of joint problem solving capabilities.

Operating experience throughout the nuclear industry, not only
CANDU but worldwide, is one of the major driving forces behind the CANDU
Owners Group.
One of the objectives of the CANDU Owners Group is to encourage
the exchange of operational information. To facilitate this exchange, an
electronic system has been set up by COG. This system, shown in Figure 6-1
and known as CANNET (for CANDU NETWORK), \s designed for rapid dissemination
of information relevant to the safety, licensing, design, construction and
operation of CANDU stations. This system also provides a means for users to
communicate with one another on a routine basis.
6.4

Observations

The concept of "lessons learned" from reactor operation, both
CANTJU and other, is well entrenched in the Canadian nuclear industry. This,
and the intimate relationship between research and development, engineering,
manufacture, construction and operation allowed Canada to produce the
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successful CANDU reactor. This relationship will be continued and expanded,
through forums such as COG, to ensure that the safe and efficient operation
continues.
The nuclear community is also a part of the broader scientific/
engineering community and scientific review, exposure and critique is
encouraged. This is particularly applicable to assessments of events or
accidents in nuclear generating stations. A case in point is the Chernobyl
accident where a series of reports and analyses have been published for both
the lay, and technical and scientific audiences.
Members of the Canadian nuclear community, whether from the design
operation or research disciplines, have also had a significant involvement
in the international community via technical committees and task groups.
Some examples are committees of the International Atomic Energy Agency and
the Nuclear Energy Agency on topics such as nuclear safety standards,
accident analysis and operating practices.
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7.

SEVERE ACCIDENTS

Chernobyl is the most severe accident in the history of nuclear
power. As such, most countries have undertaken reviews of the safety of
their nuclear plants in the light of Chernobyl. In Canada, the reviews have
not identified any important new information which would have an effect on
the safety requirements for CANDU reactors. Nevertheless, some specific
aspects of reactor safety are being re-examined to confirm this conclusion.
Why has nothing new been identified? To a great extent it is
because the Canadian nuclear program had its Chernobyl in the early years the accident at the NRX research reactor in 1952. Due to a careful study of
the accident and its implications, AECL found key "lessons" affecting the
outlook on safety philosophy, reactor design, reactor operation and research
and development. This strikes to the heart of the Canadian safety
approach.
Indeed, since then, reviews have been undertaken after each
significant accident. As examples of these reviews, several accidents and
their implications are discussed.
These are:
NRX research reactor

1952

Chalk River, Ontario

Windscale

1957

Windscale, England

Three Mile Island

1979

Harrisburg, Pennsylvania,
USA

Chernobyl

1986

USSR

Other significant accidents have occurred which are not discussed
in detail here, for example:
SL-1 low power reactor, U.S.A., 1961 - a power runaway accident
which resulted in the deaths of three operators
(References 10 to 15).
-

Lucen.s experimental reactor, Switzerland - a pressure tube reactor
in which a fuel bundle was seriously damaged and its pressure tube
ruptured (References 16 and 17).

-

Brown's Ferry power reactor, U.S.A. - a fire which caused
extensive damage in the reactor's electrical cables.

-

Surry power reactor, U.S.A. - a rupture occurred in a pipe which
released high pressure (non-radioactive) steam which killed four
operators.
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Reviews of these accidents in the countries in which they occurred
has reinforced the lessons learned in Canada as a result of the NRX
accident. These reviews have comprised two stages. The first stage
involves a prompt assessment of the need for any immediate action; the
second stage is a more exhaustive review intended to identify the need for
ongoing improvements in design, operations, etc.
7.1

NRX RESEARCH REACTOR

The NRX accident of 1952 was a power runaway which resulted in
extensive fuel failure, severe damage to the reactor and the release of
radioactivity. A description of the accident and the lessons learned are
described in more detail in References 10 and 18 to 26.
7.1.1

Description of the Accident and Accident Consequences

The 20 MV uncontained heavy-water-moderated reactor had been in
operation since 1947. On 1952 December 12 a low-power experiment was
planned to compare the reactivity of fresh versus long-irradiated
fuel. Several fuel rods were fitted vith special cooling arrangements; one
was air cooled. Due to a combination of operating errors and mechanical
failures, a power runaway occurred. It was terminated by an operatorinitiated moderator dump procedure. The estimated maximum power was
80-90 MW, the duration of the pulse was about 60 seconds and the energy
release was 2000-3000 MW-seconds.
Twenty-two fuel rods out of a total of one hundred and eighty were
found to have ruptured outer sheaths (i.e., coolant jackets), due to steam
formation or to melting or overheating of the uranium, and several calandria
tubes had been punctured.
Cooling water and moderator flooded the basement to a depth of
several metres, carrying uranium and fission products from the failed fuel.
Radiation fields due to contamination of the concrete averaged 10 R/h
(0.1 Sv/h) after the basement had been pumped out.
The reactor building and its contents were heavily contaminated,
with residual fields of 50 mR/h (0.5 mSv/h).
The contaminated water was pumped from the basement to a
controlled disposal area within the site boundaries as soon as a pipeline
could be constructed. Some limited radioactivity was carried into the
Ottawa River during the accident by cooling water which had not been
impounded. Downstream water intakes were monitored but no hazardous levels
of radioactivity were detected. Some of the material settled to the river
bottom; though easily detectable, the radioactivity was far from hazardous
either directly or by concentration through natural mechanisms.
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The release of radioactivity in the cooling air flow from the
reactor ventilation stack is the most difficult to estimate, but upper
limits can be inferred with confidence. From observation and from the local
fallout pattern, it is known that the plume from the stack passed over the
length of the site, which was occupied by about 1800 employees. Each person
was wearing a film badge, the routine means of monitoring occupational
exposures. The films were changed weekly, thus providing a weekly record of
individual exposures. File readings for the week of the accident did not
show a major departure from normal for the bulk of the staff- Although most
of the people would have been indoors, the typical frame buildings at the
site provide little shielding against the gamma radiation which is of
concern. The dose to individuals on the ground could not have exceeded
100 mR (1.0 mSv) without affecting the recorded data; a general exposure of
even 50 mR (0.5 mSv) would have attracted attention. The film worn by an
electrician who was up a pole adjacent to the stack at the time of the
release indicated an exposure of 350 mR (3.5 mSv). From this measurement
tha -relfeasfe is calcMla-tfcd to Viav% b%%-ji iii the lange of 6,100 t.© 30,000
curies (300 to 1100 TBq) of hard gamma emitters.
The damaged reactor was dismantled and rebuilt over the next
15 months. This operation involved a collective dose of 26 person-Sv to
workers. Follo^up of the workers involved in dismantling and
decontaminatiori activities has demonstrated no excess mortality from cancer
or other causes over the next 32 years; this observation would be expected
on the basis of internationally accepted values for estimated hazards of
exposure to low' doses of radiation.
7.1.2

Lessons Learned

The KRX accident provided valuable lessons and experience relevant
to many aspects of nuclear power. It showed that a nuclear accident is not
necessarily a public disaster; exposures of members of the piiblic to
radiation were small fractions of those received in a year ffom natural
sources. The environmental impact was slight and provided tlie basis for
field experiments relating to the movement of radioactive materials through
the environment•
The sequence of events leading to the accident provides insight
into some fundamental principles of reactor safety. These ai"e:
a)

Normal operating systems (process systems) and safety systems must
be separate.

b)

Safety systems must be separate from each other, and testable.

c)

Plant operators should take an audit (i.e., monitoring) role
rather than directly controlling the reactor.

- 39 -

7.2

WINDSCALE

The Windscale Works of the United Kingdom Atomic Energy Authority
at Sellafield, Cumberland, is primarily concerned with the production of
plutonium. It consisted at the time essentially of two air-cooled, graphite
moderated, uncontained natural uranium reactors, together with the chemical
processing plant required for the treatment of irradiated uranium metal, and
the associated analytical and research laboratories. More details of the
accident and lessons learned are given in References 10, 27 and 28.
7.2.1

Description of Accident and Accident Consequences

During a routine release of energy from the graphite of Windscale
No. 1 in October 1957, the temperatures rose higher than was planned, with
the result that some fuel cans melted. Subsequently, the exposed uranium
oxidized and melted and some of the fission products were carried in an air
stream up the stack and past the filters. The release of fission products
lasted 20-30 hours and was carried by the wind mainly in a southerly
direction, causing deposition over a large part of England. Iodine-131 was
the most important component of the release.
7.2.2

Lessons Learned

In Britain, the actions to be taken in the event of an accident
had been the subject only of theoretical discussions and mock exercises, and
as it turned out, the arrangements which had been made worked well.
However, the experience emphasized the need for an emergency response plan
which considers:
a)

predetermined action levels of radiation and radioactive
contamination, taking into account maximum levels for external
radiation, inhalation and ingestion,

b)

close prior coordination to build up a capable response team,

c)

appropriate monitoring and analytical facilities, and

d)

the need for a national plan which utilizes all possible
facilities.

In Canada, no specific new actions were taken as a result of the
accident. An awareness was maintained of the aspects of the accident which
affected our understanding of the behaviour and release of radioactive
fission products in a severe accident.
7.3

THREE MILE ISLAND-2

The most significant power reactor accident in the Western world
occurred at Three Mile Island-2 (TMI-2) at Harrisburg, Pennsylvania in
March 1979. Additional information is given in References 29 to 35.

- 40 -

7.3.1

Description of the Accident and Accident Consequences

The accident started with a failure in a pumping system which
supplies water to the plant's two steam generators. A combination of design
failures and operator errors over a period of several hours led to a serious
deterioration in fuel cooling, and significant core damage.
A large fraction of the radioactive fission products in the fuel
was released and held in solution in water within the reactor containment
building. A small amount of radioactivity escaped to the environment,
resulting in exposure of the public nearby at a low level compared with that
of natural radioactivity. However, evacuation of the nearby population was
initiated, amongst general confusion in information from the media, the
nuclear industry and other information services.
The major consequence of the accident has been a significant
economic cost due to the lost production of electricity, and due to the cost
of the cleanup of the reactor (more than one billion dollars).
7.3.2

Lessons Learned

Tha TMI-2 accident had a major effect on the world's nuclear power
programs. Major reviews of the reactor designs in each country were
undertaken.
In the United States, safety reviews by the U.S. Nuclear
Regulatory Commission and the President's Commission on the accident at
Three Mile Island make a number of recommendations in the areas of:
a)
b)
c)
d)
e)

operational safety
siting and design
emergency preparedness and radiation effects
practices and procedures
U.S. NRC policy, organization and management

In Canada, reviews submitted to the Atomic Energy Control Board by
Canadian utilities and Atomic Energy of Canada Limited concluded that the
CANDU design has additional lines of defense which would prevent the kind of
accident which occurred at the Pennsylvania plant.
In Canada, some specific lessons identified were:
a)

Ensure emergency operating procedures cover primary coolant leaks
of all sizes at all locations.

b)

Further training of operators to aid in the ability to diagnose
situations from basic principles.

c)

Set up a system for feeding back reports of operational
experience.
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d)

Review of containment arrangements to ensure that if fuel was
damaged, the proper combination of automatic and manual operations
would be ensured.

e)

Further study of the possible formation of a mixture of hydrogen
and air in containment.

f)

The continuing importance of an awareness of safety within the
nuclear industry ("safety culture").

The AECB also issued a report which contained recommendations for
action, most of which were already underway within the Canadian nuclear
industry.
7.4

CHERNOBYL

In April 1986, the largest accident in the history of peaceful
nuclear power occurred at the Chernobyl nuclear plant in the Soviet Union.
Additional information is given in References 36 to 42.
7.4.1

Description of the Accident and Accident Consequences

Chernobyl Unit 4 was one of a series of RBMK-type reactors
developed and operated only in the Soviet Union. It is a light water
cooled, graphite moderated reactor. It is one of history's ironies that the
worst nuclear accident in the world began as a test to improve safety. The
event started as an experiment to see how long a spinning turbine could
provide electrical power to certain systems in the plant (between the time
normal electrical power was postulated to be lost and the time the backup
electrical power was available).
Due to a combination of a design for which the safety depended on
the operators staying within certain limits, and the operators committing
operation violations allowing the design to operate outside these limits, a
power runaway accident occurred.
The accident resulted in significant core damage, beyond the
capability of the limited reactor containment design, and released to the
environment significant amounts of the core radioactivity over a period of
several days. Thirty-one operating personnel and firemen were killed ar. a
result of the accident and 135,000 people in the vicinity of the plant were
evacuated. Predictions of long-term effects on the health of people exposed
to increased levels of radiation are small enough that direct observation of
the results are difficult - there is a continuing followup of the health of
the exposed people planned.
Because of the high concentrations of radionuclides deposited on
the ground around the Chernobyl site, extensive decontamination procedures
were undertaken. According to Soviet authorities, rehabitation of an area
within 4-5 km of the site will not be permitted in the near future. Subject
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to a strict program of radiological surveillance, the general population may
be allowed in and agricultural activities resumed in the area within
10-30 km of the site; some of the villages in this zone have in fact been
re-occupied within one year after the Chernobyl accident. Partial re-entry
and special activities may be allowed after some time in the 5 to 10 km
zone. Two of the original four reactors at the Chernobyl site have been
returned to operation while the third reactor is planned to be reactivated
later in 1987. Outside the 30 km zone, contamination of a number of fresh
foodstuffs was experienced in the Ukraine. As a consequence, the
consumption of local milk and other locally grown foodstuffs was temporarily
banned over a considerable area. Measures were also taken to prevent or
reduce the contamination of groundwater supplies and of water bodies.
Average doses from external radiation resulting from the Chernobyl accident
to persons living in the area of Kiev (the nearest large city, about 90 km
from Chernobyl) were predicted to be 7 mSv during 1986 and 25 mSv total over
the next 50 years for a rural population and 4 mSv during 1986 and 14 mSv
total over the next 50 years for an urban population which spends more time
indoors. By way of comparison, it might be noted that the average radiation
dose from all natural sources is about 2 mSv per year for an urban
population in most western countries.
A number of protective countermeasures were instituted by
authorities in different European countries. The dose savings due to these
countermeasures were estimated at 0 to 80 percent but were usually less
than 25 percent of the estimated collective dose over the next 50 years.
Countermeasures consisting of advice with little intended impact (such as
washing fresh vegetables) in fact had substantial impact (such as reducing
buying of vegetables). More importantly, political authorities in some
western countries (and even in various states of the Federal Republic of
Germany) ignored recommendations previously published by international
agencies and set their own action levels for restriction of food supplies.
Consequently, the action level for restriction of milk supplies varied by
orders of magnitude, for example, from 10 Bq 1-131 per litre in Canada to
2 000 Bq 1-131 per litre in England, Finland and Sweden. Derived
intervention levels adopted in member countries of the Organization for
Economic Cooperation and Development (0ECD) varied similarly from 70 to
110 000 Bq 1-131 per kg of vegetables. This wide range of action levels for
control of radionuclide concentrations in food caused* unwarranted concern
and confusion in the public as well as perplexities among the experts,
detracted from the credibility of authorities and unduly harmed
international food trade. As noted in a recent OECD report, countermeasures
were largely determined in many cases on the basis of socio-economic,
political and psychological factors rather than radiological considerations.
Attempts are currently being made to achieve an international consensus on a
set of reference values to be used to regulate international trade of
foodstuffs. The effects of radiation on the health of human beings have
been assessed on a continuing basis over many years by international and
national scientific committees. At radiation doses below 500 mSv the
primary biological hazards of radiation are induction of cancers in exposed
persons and of presumed genetic disorders in the progeny of exposed persons.
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In addition, there is thought to be some possibility of serious biological
harm to the developing child exposed to radiation in utero. The
probabilities of the above effects after exposure of a general population of
all ages and both sexes to low doses of radiation are generally taken to
be the following:
Fatal cancers
Curable cancers
Genetic disorders
(total summed over all future
generations)
Congenital defects resulting
from in-utero exposure

1.3 x 10"2per Sv
1.3 x 10"zper Sv
8.0 x 10"3per Sv

1.5 x 10"3per Sv

The total risk of harmful effects is thus taken to be about 3 per
100 person-Sv in the population as a whole. None of the above numbers are
exact; the uncertainty associated with these probabilities is in the region
of two to threefold in either direction. The dose-response relationships
are assumed to be linear and that there is no threshold below which
radiation has no effect on people. There is no conclusive proof of the
validity of this assumption, except in the case of induction of genetic
changes in lower organisms; however, the assumption is generally accepted
as reasonable for other effects of radiation such as induction of cancers.
As a rough rule of thumb, a collective dose of 100 person-Sv is thus
frequently equated to induction of one fatal cancer. (The 1980 report of
the U.S. Committee on the Biological Effects of Ionizing Radiations does
however include a non-linear model according to which the probability of
induction of fatal cancers at low doses of gamma rays below 10 mSv per
person would be essentially zero.)
In Canada and other western countries where average life
expectancy is about 75 years, some 20-25% of all deaths are due to cancer.
Assuming a linear dose-response relationship, normal background radiation
levels of 2 mSv per year are thought to be responsible for about 1% of all
fatal cancers. The effect of increments in radiation dose on incidence of
fatal cancer would then be proportional to this ratio. The total health
effects of radiation are of the same order of magnitude for men and for
women. The probability of induction of cancer is thought to be about 50%
higher for women than for men (1.5% chance of fatal cancer per Sv versus
1.0%) due to the added risk of radiation-induced breast cancer in women.
On the other hand, the risk of induction of genetic disorders in children is
probably lower for the prospective female parent than for the male, and may
in fact approach zero after exposure of the prospective female parent to low
doses of gamma rays at low dose rate. Irradiation in utero during the
period from 8 to about 15 weeks after conception (10 to 17 weeks after the
last menses) carries a risk of induction of severe mental retardation, and
also of diminished mental performance in the less affected children.
Assuming that the pregnant mothers had received on average about 120 mSv and
that all stages of pregnancy were equally represented, about 4 extra cases
of severe mental retardation would be predicted among the 300 babies that
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have been born to persons evacuated from the 30 km zone around the Chernobyl
site. Theoretical calculations of the number of fatal cancers induced in
the general public as a result of fallout from the Chernobyl accident can be
made based on assessment of the increment in radiation doses received,
internationally accepted estimates of risk per unit dose, and the assumption
of a linear non-threshold dose response relationship. The increased risk of
fatal cancer for persons living in different areas of the world would then
be roughly as follows:
Evacuated population from 30 km zone at Chernobyl
1.5 in 1 000
European portion of Soviet Union
Western Europe

1 in 10 000
3 in 1 000 000

Canada

3 in 100 000 000

Assuming that roughly 20% of these populations would normally die
of cancer, the small increments due to radiation exposure as a result of
Chernobyl would not be expected to be detectable by direct observation of
these populations. The general conclusion would seem to be that the
Chernobyl accident has caused no appreciable risk to public health in any
country, in comparison to other health risks.
7.4.2

Lessons Learned

In Canada, and throughout most of the world, detailed examinations
of the safety of the reactors in each country were undertaken.
In Canada, Atomic Energy of Canada Limited, the Canadian utilities
and the Atomic Energy Control Board undertook reviews of the accident and
its implications for the safety of CANDU reactors.
The main conclusions of these reviews were that there is no
important new information which would have an effect on the safety
requirements for CANDU reactors. However, there have been a number of areas
identified for further investigations.
The review of the CANDU reactor design aspects, performed at AECL,
has concluded that the Chernobyl shutdown system design was deficient in
that it did not provide an adequate level of safety for all plant operating
states, and that plant safety depended too heavily on the skills of
operators in maintaining many reactor parameters, especially reactor power,
within a certain operating envelope.
By contrast, the effectiveness of the shutdown systems in CANDU is
independent of the operating state of the plant and in that sense the design
is much more forgiving. Nevertheless, as a prudent response to Chernobyl,
AECL is undertaking two areas of design review for CANDU:
(a)

a re-examination of all possible core configurations to ensure
these do not impede shutdown capability, and
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(b)

7.5

a review of fire protection features in the presence of radiation
fields.
IMPACT OF SEVERE ACCIDENTS ON SAFETY RESEARCH

The principal impact of accidents on safety research has been the
re-examination of programs to ensure that no important phenomena are being
overlooked. The two accidents involving commercial reactors (Chernobyl and
TMI-2) are particularly important in this regard.
Recently, an international group of experts on reactor safety has
been assembled by the OECD's Committee on the Safety of Nuclear
Installations to evaluate the implications of the Chernobyl accident on the
safety of Western reactors. The main conclusion from their work was that
the Chernobyl accident has not brought to light any new, previously unknown
phenomena or safety issues that are not covered by current reactor safety
research programs for commercial power reactors in OECD member countries.
Nevertheless, it is recognized that, owing to the seriousness of the
Chernobyl accident, it is prudent to make an appraisal of current safety
programs to determine, for example, if some shift in emphasis between
various technical areas should be considered. We are continuing to study
the details of the Chernobyl accident (as they become available), but we
have not identified any changes that are necessary for the Canadian safety
research program. Indeed, we believe that we have been able to characterize
many aspects of the Chernobyl accident using information from our past, and
current, safety programs.
In contrast with Chernobyl, the TMI-2 accident has had some impact
on the directions being taken by safety research programs. While it is not
possible to discuss all aspects of this impact, a few examples will give the
general flavor of these new directions. The TMI accident resulted in very
serious core damage, yet relatively minor amounts of radioactivity were
released to the environment. The main reason for this was the performance
of the containment building and the physical/chemical processes occurring
therein. For example, the low volatility of iodine during the accident
prevented the larger releases that would have been expected, according to
previous analyses. This observation was partly responsible for stimulating
a world-wide effort to characterize fission product behaviour during reactor
accidents, and, in general, these efforts have demonstrated that many
previous estimates of releases have been overly conservative. Perhaps one
of the main impacts of the new work is that activity releases can now be
calculated on a more mechanistic basis and, as a result, there is more
confidence in the results. In addition, the TMI accident drew attention to
more realistic accident sequences, such as small-break loss-of-coolant
accidents, and more research effort has been expended on understanding these
sequences. Finally, the TMI accident promoted new international efforts to
understand core behaviour during accidents, such as the international NRC
Severe Fuel Damage Program.
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The post-TMI period has been characterized by a large increase in
international cooperation in the area of safety research. The benefits of
this cooperation are significant, and Canada is committed to full
participation in all aspects of this work that are relevant to the safety of
CANDU reactors.
7.6

SUMMARY

In the early days the Canadian nuclear program suffered a severe
accident; the 1952 accident at NRX.
Therein are many of the important aspects of the approach to
nuclear safety for CANDU:
a)
Normal operating systems and safety systems must be separate.
b)

Safety systems must be separate from each other, and be testable.

c)

Plant operators should take an audit (i.e. monitoring) role rather
than directly controlling the reactor.

In addition the CANDU design has considered three elements of how
to deal with accidents:
a)

accident prevention

b)

accident mitigation

c)

accident accommodation

Accident prevention is the most important thing to do, and it is
done by strict quality control in design, manufacture and construction, by
inspecting the plant while it's running, and by using operating experience
to fix up small problems before they become large ones.
If an accident occurs, the next step is to arrest it before it
damages the plant. In CANDU reactors, the normal control systems are
powerful enough to do this for most accidents. They are backed up by
separate shutdown systems to turn off the power if it starts to go up higher
than it should, and emergency core cooling, to replace cooling water if it
should be lost from a pipe break. These are the CANDU mitigating systems.
The CANDU goes one step further and allows for the possibility
that fuel is damaged regardless, and so it has an accommodating system containment - also a safety system, whose role is to contain radioactivity
released from the fuel. There is also a one kilometer ring of land around
the reactor - called the exclusion zone - which allows dilution of any
radioactivity released in an accident before it can get to where people
live.
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Finally, in the event that these systems are damaged or
ineffective and the public may be in danger, in Canada, and more
specifically Ontario, an emergency response plan is in place for all nuclear
power reactor sites and is tested once yearly.
It is through these measures that the designers and operators of
CANDU provide for those cases where a severe accident might occur (i.e., an
accident that is unexpected, but has a small chance of happening).
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Section 8
Research and Development Programs

8.

RESEARCH AND DEVELOPMENT PROGRAMS

8.1

INTRODUCTION

There is an ongoing research and development program to maintain a
technological base in the nuclear reactor field. The programs are reviewed
and scrutinized annually by a program evaluation process to ensure that the
work remains focussed on the mission of the company and that it reflects
the changes in the technical environment. In addition, programs that are
supported by the CANDU Owners Group are reviewed separately by its members.
The objective of the program is to improve the safety and
reliability of CANDU reactors, focussing on both current designs and on
advanced CANDU designs. This program provides increased technical depth to
safety analyses, which are frequently based on conservative or pessimistic
assumptions. In this way, the requisite level of safety can be better
optimized in terms of cost versus benefit. The program also provides a
response capability for dealing with operational problems with components,
such as pressure tubes, and to analyze accidents, or incidents, at nuclear
stations with sufficient depth to ensure that the CANDU systems are not
vulnerable to similar events.
There exists a large amount of interaction with the international
technical community, through formal agencies such as the OECD and IAEA and
through various technical associations. This provides peer review of the
company's technical work and gives access to the work of others, ensuring
that our resources are optimally utilized. The main focus of AECL's research
and development is on aspects that are unique to the CANDU system, since
Canada is the only country with any significant research effort on CANDUs.
However, sufficient generic and underlying research is also performed to
ensure that the Canadian programs benefit significantly from work done
throughout the world.
In the following sections, the scope and nature of the research
done on fuel channels and nuclear safety is discussed, and a brief
description of our environmental and biological research programs is
provided.
8.2

FUEL CHANNELS

While the safety assessment and safety defenses incorporated in
CANDU reactor designs have always recognized the possibility of pressure
tube failure, prevention of such failures is, of course, important in the
economic performance of the reactors. Furthermore, such prevention is
desirable in the interests of safety through a reduction in the number of
events which may require intervention on the part of the plant safety
defenses in probabilistic terms. For these reasons, AECL has maintained and
continues to maintain a major pressure tube research and development
program.
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8.2.1

History

The Nuclear Power Demonstration Reactor (NPD), the first CANDU
reactor, was originally designed with a steel pressure vessel. The
development of practical structural zirconium alloys overtook that decision
and in 1956 the NPD design was changed to a zirconium alloy pressure tube
reactor. The first few Canadian power reactors (NPD, Douglas Point and
Pickering Units 1 & 2 ) , used Zircaloy-2 (Zr + 1.5% Sn + small additions of
Fe, Ni, and Cr) pressure tubes, an alloy developed in the U.S.
At the 1958 Geneva Conference, the Russians gave results on a
higher strength zirconium alloy based on niobium rather than tin. A
ten-year development culminated in adoption of the Zr-2.5 Nb alloy for all
subsequent CANDU reactors. The higher strength allowed a substantial
reduction in wall thickness (20%) with an improvement in neutron economy.
The basic design of the CANTJU PHW fuel channel has not changed
since Douglas Point. The pressure tube, calandria tube and end fittings are
designed to the nuclear section of the ASME code. Although zirconium alloys
are not code-approved materials, the pressure tube and calandria tube are
designed to the intent of the code. For Zircaloy-2 and Zr-2.5 Nb the
limiting property at operating temperatures (575 K) is one-third of the
ultimate tensile strength. The operating conditions for the pressure tube
have become more severe as the reactor design has been progressively
optimized, (see Table 8-1). The factors which could limit the life of the
fuel channel components - dimensional stability, oxidation and hydrogen
pickup, thermal gradients, fuel bundle wear, delayed hydride cracking and
flaw tolerance - have been and continue to be the subject of the company's
research programs.
TABLE 8-1
OPERATING CONDITIONS FOR PRESSURE TUBES

NPD
Coolant Pressure
(MPa)
Outlet Temperature

7.6
548

PICKERING*
9.65

570

BRUCE
10.2

DARLINGTON"
11.1

581

586

137

147

(K)
Design Stress
(MPa)

*

93

103/127

Zircaloy/Zr-2.5 Nb
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3.2.2

Early Research and Development

The fact that Canada is the leading exponent for pressure tube
reactors in the Western world means that we have had to do the major portion
of the necessary research. Other programs, such as fuel development, can
capitalize on the technology produced in other countries to minimize the
size of the research effort. However, we have had some useful collaboration
with countries that committed demonstration or defense reactors based on
pressure tubes: U.S. (Hanford N-Reactor), France (EL-4), Italy (CIRENE),
Japan (Fugen) and U.K. (SGHWR).
The high availability of CANDU reactors attests to the success of
the Canadian research and development program. A significant reason is that
the small size and simple shape of the pressure tube has made it relatively
easy to develop a high quality product and conduct full-scale tests and
evaluations on tubes which had been highly irradiated under full service
conditions. A wide range of laboratory experiments, pressure tube
irradiations, in-service inspection programs, and post-irradiation
evaluations of tubes removed from the research and power reactors, have all
been of benefit in evolving design and safety criteria for the pressure tube
as a pressure vessel. Details of the research and development program are
provided in Section 8.2.4.
Unexpected problems will occur in any engineering project as
extensive as the CANDU nuclear power program. Fracture-related problems in
the pressure tubes have been no exception. Fortunately, the small size and
the ability to replace individual tubes were of great advantage when coolant
leakage was found first in the Pickering and later in the Bruce reactors.
The response to these problems is detailed in the following section.
8.2.3

Response to Failures

Components removed from reactors and sent to AECL can be examined
in the shielded facilities at the CRNL or WNRE laboratories to evaluate
their normal operational performance condition or their failed condition.
In 1974, heavy water coolant was detected in the gas annulus
in Pickering Unit 3, and later in 1975, in Unit 4. The leaking channels
were identified by non-destructive examination, removed and shipped to CRNL.
Examination revealed that the leakage was from small through-wall cracks in
the Zr-2.5 Nb pressure tubes, close to the rolled joints between the
pressure tubes and the steel end fittings. The cracks had formed by a
mechanism called delayed hydride cracking. This cracking mechanism is
unique to metals that form hydrides (e.g., titanium and zirconium alloys)
and was already being studied at the laboratories. Investigation showed
that this mechanism had been able to occur because the rolled joints had
been incorrectly made, resulting in very high residual stresses in the
pressure tubes. The examination also revealed that the general deuterium
uptake in the tubes from corrosion with the heavy water was less than
expected, but the ingress into the ends of the tubes from the end fittings
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was considerably higher than expected. These findings resulted in the
research programs being expanded in these areas.
During this same time period, the Bruce reactors were being
constructed and in two units the pressure tubes had already been installed
using the same rolled joint procedure as used for Pickering Units 3 and 4.
Rather than replace the tubes a stress relieving heat treatment was
developed to lower the residual stresses to acceptable levels. However, in
1982 three Zr-2.5 Nb pressure tubes in Bruce Unit 2 leaked at small
through-wall cracks and were removed. Examination showed that the cracks
were similar to those in Pickering Units 3 and 4 and they had initiated and
grown sufficiently prior to stress relief that they were able to continue tc
grow even at the reduced stress level.
In 1983, a Zircaloy-2 pressure tube in Pickering Unit 2 ruptured.
Examination showed that the failure mechanism was different from that
described above. One of the garter spring spacers that maintains the gap
between the pressure tube and calandria tube was sufficiently displaced from
its correct position that the pressure tube had sagged down and was
contacting the calandria tube. This produced a thermal gradient in the
pressure tube which, together with the much higher than expected deuterium
concentration present, produced hydride blisters in the pressure tub-3 at the
point of contact. These blisters were solid brittle hydride and cracks
initiated at several of the largest ones, joining together to form a
critical crack that initiated the rupture. Non-destructive examination and
removal of other tubes for examination showed that many other tubes in
Pickering Units 1 and 2 also had garter springs not in their correct
position, had high deuterium concentrations and had hydride blisters.
Although none of the blisters had initiated cracks in the adjoining metal,
it was decided to replace all of them with Zr-2.5 Nb tubes which had
exhibited a lower deuterium uptake rate.
In 1986, Bruce Unit 2 was shut down to determine a source of heavy
water leakage to the annulus gas system. The leaking pressure tube ruptured
during the subsequent operation to determine the location of the leaking
pressure tube. The cause of the leak was delayed hydride cracking
originating from the tip of a manufacturing lap defect.
From the research programs and the examination of the pressure
tubes removed from the reactors, we predict that in the next few years a few
more Zr-2.5 Nb pressure tubes in Pickering Units 3 and 4 and Bruce Unii. 2
will probably develop small through-wall cracks. However, the leakage of
heavy water coolant can be detected and the reactor shut down before the
cracks grow to the critical length that could initiate rupture.
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8.2.4

Future Research and Development Program

8.2.4.1

Introduction

The research on pressure tubes is carried out at three AECL
laboratories, CRNL, Sheridan Park and WNRE, and the Ontario Hydro Research
Division Laboratory. The majority of the work is done at CRNL and WNRE.
Following the failure of channel G16 of Pickering Unit 2 in August 1983, it
was decided to increase research on fuel channels and it became apparent
that the informal methods used to co-ordinate research between laboratories
was not sufficient. In 1984, a fuel channel research committee was formed
to ensure that the research was co-ordinated with input from the research
laboratories, the designers (AECL CANDU Operations) and the principal
operator (Ontario Hydro).
This committee prepared a document that details and prioritizes
each of the 200 plus research projects; the current edition is CRNL-2708-11/
OHR-86-110-H. This is a large well financed program. The AECL laboratories
spent 34.9M$ and Ontario Hydro's Research Division 4.7M$ in 1986/87 on fuel
channel research. The utility support for the AECL program through the
CANTDU Owners Group increased from 1.6 M$ in 1986/87 to 8.6 M$ in 1987/38.
8.2.4.2

Corrosion and Hydriding

Corrosion and hydriding of zirconium alloys has been an on-going
part of the AECL research program since the 1950s, with the principal
applications of the materials being fuel cladding and pressure tubes. In
the early seventies, most of the activity was focussed on fuel cladding
corrosion, with a small program evaluating the corrosion resistance of
candidate pressure tube materials for advanced CANDU reactors.
The performance of an alloy in a particular environment was
normally characterized by a hydrogen uptake which was always a fraction of
the hydrogen generated by the corrosion reaction Zr + 2H 8 0 -+ ZrO 2 + 2H 2 .
The identification of delayed hydride cracking of Zr-2.5 Nb
Dressure tubes as the cause of coolant leakage at the rolled joints of
Pickering 3 and 4 in 1974-75, led to an expanded research program to
understand and predict deuterium ingress at rolled joints.
The unusual feature of the failures was that there was much more
deuterium in the pressure tube at the rolled joint than could have arisen
from the uniform corrosion of the tube in that region. Considerable
progress in understanding this phenomenon has been made; the route and
mechanism of deuterium ingress is much better understood and the program is
now focused on developing remedies to reduce the accumulation of deuterium
at the rolled joint. Remedies that will prevent the concentration of
deuterium exceeding its solubility in the pressure tube alloy at operating
temperatures and thus remove the threat of a delayed hydride cracking
failure occurring at the rolled joint while a reactor is operating are
discussed in Section 8.2.4.6 on improved components.
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The 1983 rupture of a Zircaloy-2 pressure tube in Pickering-2 was
mainly a consequence of a high concentration of deuterium in the bulk ol the
tube (away from the rolled joints), due to greater than expected corrosion.
Thus, the subsequent research was targeted at uncovering the reasons for the
higher corrosion rate, establishing whether the Zr-2.5 Nb tubes could be
similarly affected and in developing remedies. It is currently believed
that corrosion of the Zircaloy-2 tubes accelerated after some considerable
time beyond the testing period normally used in the laboratory corrosion
testing. As the oxide film thickens, the chemistry of the water contacting
the underlying metal is modified by irradiation and restricted access to the
coolant, which results in increased corrosion rate. Recent investigations
have established that Zr-2.5 Nb takes longer to form a sufficiently thick
oxide film to modify the chemical environment of the metal surface and hence
accelerate corrosion. The exact effect of various parameters, including
reactor water chemistry, neutron flux, temperature, alloying element
concentration, and impurity element concentration, are being studied in a
comprehensive series of tests in research and power reactors, as well as
other out-reactor facilities. The aim is to provide an experimentally
verified model with long-term prediction capability for the corrosion
process.
A major advance has been the possible correlation of deuterium
ingress rate in Zr-2.5 Nb tubes with the iron concentration in the tube.
Specified maximum iron level for replacement tubes has been reduced to
reduce deuterium uptake, while the exact mechanism responsible is being
investigated.
8.2.4.3

Delayed Hydride Cracking and Fracture

This program deals with the processes by which cracks nucleate and
grow in pressure tubes, the tolerance of the material to such cracks and
the conditions leading to and potential consequences of unstable crack
propagation. Since all pressure tube failures to date have been associated
with delayed hydride cracking, that mechanism is the main focus of this
program, but appropriate attention is also given to other mechanisms such as
fatigue.
Delayed hydride cracking is a process by which dissolved hydrogen
accumulates in regions of high stress (such as at a crack tip) and, if the
solubility for hydrogen is exceeded, then precipitates of brittle hydride
platelets form. When the stressed region becomes sufficiently embrittled,
it fractures locally, causing the crack to advance a small increment and
allowing the precipitation/rupture cycle to be repeated. This step-wise
crack growth continues until either the crack penetrates the wall and is
detected through leakage (leak before break), or it reaches an unstable size
and the tube ruptures. Clearly, leak before break is a more desirable
sequence than rupture, as an unstable failure occurring without warning,
while tolerable in terms of reactor safety concerns, does create economic
penalties in the form of prolonged shutdowns and repairs. The main thrust
of this program is, therefore, to ensure that any failure will be of a
k-before-break type.
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The formal objectives of the program are:
a)

To determine how the fracture properties of fuel channels
deteriorate with time.

b)

To establish limiting values of these properties in order to
determine the time for tube replacement (fitness for service).

c)

To understand the mechanisms of tube deterioration so that we
may tailor new fuel channel alloys in such a way as to minimize
cracking events.

This program is divided into four distinct (but related) technical
activities, based on the progressive stages in the crack life cycle,
consisting of:
a)

Initiation: this is the mechanism by which a crack first
appears in a pressure tube. It can occur "by tne fracture of a
hydride platelet in the high stress field of a badly rolled
joint, or in the stress field associated with a manufacturing
defect. A crack can also initiate at a massive precipitate or
blister which could form under conditions of high hydrogen
content and pressure tube/calandria tube contact.

b)

Crack growth: this is the process by which a crack, once
nucleated, grows in a controlled manner by the migration and
precipitation of hydrogen at the crack tip. The nucleated
crack must exceed a threshold size (dependent on the applied
stress) to grow, and the solubility for hydrogen must be
exceeded. The rate at which these cracks grow (strongly
dependent on temperature) determines the time available to
detect the crack (once it starts to leak) before it attains an
unstable configuration.

c)

Instability: the critical crack length for unstable
propagation depends on the fracture toughness of the tube
material which in turn is determined by temperature,
irradiation dose and hydrogen content. A large critical crack
length favours leak before break.

d)

Dynamic behaviour: while our whole program is £imed at
preventing an unstable fracture an absolute guarantee of leak
before break is not practical. To ensure that an unstable
fjracture event is tolerable, this program combines full scale
testing and tests on small specimens to ensure that there are
no conditions under which an unacceptable amount of damage
would ensue from an unstable crack propagation event.
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All four parts of this program are now concerned with acquiring
large databases on irradiated material and developing the methodology to
show that tubes are operating in a condition of minimum risk, that is,
failure should be by leak-before-break. It should be remembered that all
failures to date have resulted from a deviation from a design condition
(e.g., manufacturing defect, high residual stress, misplaced garter spring).
With learning from past problems, future installations will have very low
probabilities of even a leak-before-break failure.
The main concern then becomes the life limiting properties of the
pressure tubes as they age with service. For the last three years, we have
been monitoring the fracture properties of surveillance tubes removed from
Ontario Hydro's reactors (those with the longest times in service). This is
allowing us to monitor the changes in fracture properties with service. To
get ahead of the lead reactors in irradiation fluence, we have just
negotiated an agreement with France to rent space in a high flux facility to
irradiate fracture specimens quickly to a fluence equal to thirty years in a
CAN'DU reactor. This will allow us to project changes in fracture properties
before they occur in power reactors.
Last year, Professor E. Smith, of the University of Manchester, an
internationally respected authority on fracture, with extensive consulting
experience in the U.S. and U.K., was retained to conduct a peer review of
the Fuel Channel Fracture Program. After two weeks of detailed technical
discussions at the research sites, and an extensive period of review at the
University, he has concluded that our program is covering all the important
engineering and scientific aspects of the fuel channel problems and contains
no irrelevancies.
8.2.4.4

Non-Destructive Testing

Research and development in non-destructive testing, or
examination, directly complements the other fuel channel research program?
described in this section. Non-destructive testing permits collection and
assessment of information from large numbers of fuel channels (out- and
in-reactor). This yields statistically valid data on overall reactor
condition - something which is not possible with the limited information
obtained from occasional destructive examination of tubes removed from
reactors.
The fuel channel non-destructive examination program has two major
objectives:
a)

Provide the best possible non-destructive examination technology for
new fuel channel components during manufacture and reactor
construction to minimize incipient defects.

b)

Develop state-of-the-art techniques, equipment and procedures, for
periodic in-service assessment of channel components in operating
stations, to assure continued safe and economic plant operation.
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Current projects aimed at achieving these objectives include the
following:

8.2.4.5

a)

Establish reliability of pressure tube manufacturing
inspection, assess the need for further improvement and develop
improved inspection if necessary.

b)

Develope reliable non-destructive testing techniques for
detecting cracked, as well as uncracked, hydride blisters in
pressure tubes.

c)

Continue work on several non-destructive testing and
examination methods to monitor corrosion and/or hydride buildup
in pressure tubes.

d)

Develop and evaluate passive methods for improved leak
detection/location and crack growth monitoring.

e)

Devise methods for reliable defect sizing and
characterization.

f)

Assure feasibility of effective manufacturing and in-service
inspection for improved components, such as pressure tubes with
deuterium sinks or fins and insulated fuel channels.

g)

Develop techniques for monitoring reactor structural components
such as garter spring location and fuel channel to reactivity
mechanism clearances.

In-Reactor Deformation

The length, diameter and sag of the pressure tube and calandria
tube can limit their service life and are affected by two separate
phenomena. All structural materials, when stressed to a fraction of their
ultimate strength, deform slowly by thermally activated creep. Experience
has shown that atomic displacements induced by irradiation enhance the
phenomenon, so that in-reactor creep is a mixture of thermal and irradiation
activated processes. In addition, highly textured materials, such as
pressure tubes, have been found to change shape, at constant volume, in the
absence of an applied stress when exposed to a neutron flux. This
particular deformation is referred to as irradiation growth.
The resulting deformations occur sufficiently slowly that they can
be tracked by a surveillance program. When the deformation exceeds the
design allowances it can become life-limiting. The surveillance program
will give many years of advance warning, so that corrective action can be
taken before the deformations affect normal operation or safety. Tests have
shown that creep rupture should not be limiting.
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The crystallographic texture of pressure tubes is such that the
major impa " of growth is on the length of the tube. The growth phenomenon
was not 01 .inally anticipated, so that early reactors, including Pickering
Units 1,2,3 and 4 and Bruce Units 1 and 2, only had sufficient clearance to
accommodate thermal expansion, not the 15 cm growth expected in 30 years.
Later reactors were designed with more clearance. Less growth occurs in
calandria tubes, so the 0.5% (^.3 cm) structural tolerance should be
sufficient.
Two manifestations of creep are significant. Diametral creep of
the pressure tube could increase the clearance between fuel bundle and tube
and affect the heat transfer. The pressure tube can sag and contact the
calandria tube between misplaced garter springs and some calandria tubes can
sag and contact horizontal reactivity mechanism tubes. Since the calandria
tube is cooler than the pressure tube it provides much of the resistance to
sag.
A mixture of fundamental experiments and surveillance measurements
on operating channels have provided mechanistic understanding of the
processes and an extensive data bank up to current levels of neutron
exposures for in-service pressure tubes and in excess of these exposures for
calandria tube material. These data are summarized in design equations for
creep and growth. The objective is to predict the cumulative dimensional
changes of CANDU fuel channel components over their design lifetime so that
there are no unexpected problems. In current reactors, this will determine
whether the original design allowances are adequate and identify any future
action required to accommodate unforeseen deformation behaviour. In future
reactors, the objective is to quantify end of life dimensional changes to
assist the designer in drawing up a set of specifications and optimizing the
design to minimize costs.
8.2.4.6

Improved Components
The purpose of this program is to:
a)

Provide backups for current components in case their
performance is not satisfactory.

b)

Develop components that will have a 40-year service life.

c)

Develop improved components that will enable the power from a
fuel channel in future reactors to be increased.

The information generated in the corrosion, fracture and
deformation programs provides the understanding necessary to obtain optimum
performance from existing components.
The current expectation is that the service life of the pressure
tubes will probably be limited by their decreased ability to resist rupture
rather than by cumulative deformation, although the latter becomes more
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critical as resistance to fracture is improved. The most probable way for a
pressure tube to fail is for a crack to initiate at a small defect by
delayed hydride cracking, propagate through the wall and allow the coolant
to leak. For delayed hydride cracking to occur, a minimum combination of
flaw and stress and hydrides must be present. If the isotopic hydrogen
concentration of the tubes can be kept below the solubility limit of
0.27 at% for channel inlet temperature, then cracking cannot occur during
reactor operation. This may be achieved by reducing the rate of ingress by
small changes to the composition and by adding sinks that will
preferentially absorb the hydrogen. Non-structural yttrium sinks will
probably be added to the ends of the Darlington-4 tubes and are being
developed for the full length of the tube. Susceptibility to delayed
hydride cracking is also affected by the crystallographic texture. The
texture of current pressure tubes promotes cracking on the radial axial
plane; changing the texture could reduce the susceptibility of through-wall
cracks forming. The immediate plan is to fabricate tubes that incorporate
several of these improvements. Such tubes with a lower rate of deuterium
ingress, yttrium sinks at the ends similar to those proposed for the
Darlington tubes and less susceptible to forming through-wall cracks could
be available by 1992 but they will not have been tested in a power reactor.
Subsequent tubes, possibly made from a better alloy, improved
surface properties, and with sinks or fins along their whole length to keep
their hydrogen concentration below 0.27 at% could be available by 1996.
These tubes should not only be very resistant to forming through-wall cracks
but delayed hydride cracking should not be able to occur during reactor
operation. Hence, cracks would only be able to initiate at very large
defects during reactor shutdowns. Their in-reactor deformation behaviour
should also be better than current tubes, by modifications in composition,
texture and microstructure.
For the longer term, concepts are being reviewed that would permit
increases in power and end-of-life fluence that exceed the potential
capability of current alloys in the existing channel. The two possibilities
under review are to:
a)

develop a better zirconium alloy that has satisfactory creep,
growth, corrosion and deuterium pickup to enable the power of
the present fuel channel to be increased and still have a
satisfactory life.

b)

devise a new fuel channel design which, for example, reduces
the temperature of the pressure tube through the use of a
suitable insulator.

The sag resistance of the channel could be improved by changing the
metallurgical structure and fabricating calandria tubes with a variable wall
thickness engineered to increase stiffness.
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Another objective is to develop a calandria tube that would have a
similar burnup penalty as present tubes and sag less than 35 mm after 40
years' service in an uprated fuel channel.

8.3

SAFETY RESEARCH

8.3.1

Introduction

The aim of the safety research program is to ensure that the safety
of CANDU reactors is based on a firm technical understanding of the
various phenomena that could occur during an accident. The approach is to
develop and verify computer models capable of representing the relevant
phenomena. This is done by establishing a sound theoretical basis for the
models, and then verifying them systematically against experiments. The
experiments range from small, separate effects tests to elucidate the
fundamental science, to large-scale integrated tests in which all of the
phenomena are examined collectively. Technical information from the safety
research program is published in the open literature, and must stand up to
national and international peer review. The research is carried out by
scientists trained in a broad range of technical disciplines (e.g.,
mechanical engineering, chemical engineering, physics, chemistry,
mathematics) to ensure that all key areas are covered.
The focus of the safety program has been continually shifting to
the lower probability severe accident conditions as understanding of the
more probable events has matured. Although the probability of severe
accidents is very low, the approach recognizes that they are not impossible
and thus it is desirable to ensure that AECL safety systems are adequate for
such conditions.
The choice of research tasks is influenced by the unique features
of the CANDU and by the intrinsic safety-related features that distinguish
it from other water-cooled reactors, as described in previous sections.
Loss-of-coolant accidents can be the precursors to fuel damage which can
ultimately result in radiological consequences to the public. Consequently,
loss-of-coolant accidents form the focus of much of AECL's safety research.
The program is well supported; budgeted expenditures for 1987/88
are $21.5 million, of which about 30% comes from the utilities.
8.3.2

Safety Thermohydraulics Research for CANDU Reactors

The objective of the safety thermohydraulics research program is to
provide an experimental and theoretical basis for determining the behaviour
of CANDU heat transport systems for a variety of postulated
loss-of-cooling situations. Our research has confirmed that the potential
accidents with major consequences must be preceded by a loss of cooling.
The loss-of-coolant accident is postulated to occur by a break in one of the
reactor cooling system pipes. Thus, the behaviour of the heat transport
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system (cooling system) and the subsequent behaviour of the emergency core
cooling system determines the severity of the accident and the conditions
that the fuel, fuel channel, and safety systems must endure.
The choice of research tasks is influenced by the unique features
of CANDUs and by the intrinsic safety related characteristics that
distinguish them from other water-cooled thermal reactors. The
thermohydraulic behaviour of the heat transport system is particularly
influenced by the large array of individual horizontal fuel channels that
pass through the calandria and are connected by feeders to the large flow
distribution header pipes.
As with the other safety research programs, our approach is to
develop mathematical models with a sound theoretical basis ai>d then verify
them systematically against experiments of increasing scale and complexity.
This requires less resources than the alternative approach of starting with
very large and complex simulation experiments that provide empirical data
for calculations. Thus, our program includes model development for the
important components using fundamental physical principles which are then
checked against experiments on systems that have essential geometrical and
physical characteristics of the reactor system. This provides a computer
model of the reactor system that gives predictions with relatively well
established accuracy.
Model Development
A full two-fluid numerical model (CATHENA) has been developed to
predict steam-water behaviour under transient upset conditions. With this
approach, the steam and water components are treated separately and need not
be assumed to be in equilibrium with each other.
CATHENA is a one-dimensional code using a six-equation model (three
conservation equations for each fluid) to describe the steam-water flow in a
pipe network. Auxiliary models are included to describe the behaviour of
components such as pumps, valves, abrupt area changes, and the reactor
pressurizer. The heat transfer model can calculate the radial temperature
distribution in many solid elements at a given axial location. This feature
is particularly important for describing the heat transfer in the fuel and
fuel channel under stratified flow conditions when the upper elements of the
fuel assembly may experience steam-only cooling, while the lower elements
are immersed in water.
In addition to the six conservation equations, constitutive
equations are required to calculate the mass, momentum and energy transfer
between the phases and to the solid surfaces. These constitutive relations
depend on the steam-water flow regime, (e.g., stratified, mixed, or annular
flow) which in turn depends on the mass flow rates of the phases. For
example, in stratified flow, the steam and liquid are assumed to travel in
separate streams in the top and bottom parts of the pipe. Much of the
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CATHENA development work has gone into defining and validating the many
constitutive relations that go into the calculation.
The equations are solved by representing the network with a
conventional staggered grid and using a finite-difference approach where the
pressure, phase enthalpies, and void fraction are evaluated at cell centers,
and phase velocities are evaluated at cell boundaries. The numerical scheme
(one-step, semi-implicit) is such that large time steps, not limited by the
traditional material Courant limit, can be taken during slow transients.
This reduces the computer time required for problem solution to about the
same levels as for simpler codes using only a three-equation model.
Current development work involves further improvements in numerical
efficiency, which would allow solution of problems in greater detail for the
same cost, and in representing the presence of non-condensible gases. The
non-condensible of most interest is hydrogen, which can be produced at high
fuel temperatures by the reaction of zirconium fuel sheaths with steam.

Validation of the CATHENA analysis against experimental data is an
ongoing process. The calculations have been compared extensively vith
various separate effects tests and with integrated system behaviour. Most
of the integral behaviour validation is being done by comparison with
experimental data from the RD-14 facility. A full reactor simulation
against a heavy water spill incident at the CANDU Wolsung reactor in 1984
demonstrated the capability of the code to represent all reactor components
and showed good agreement with the available plant data.
Experimental Program
In parallel with the modelling aspects of the research, an
extensive program of experiments is essential. Our ongoing program includes
experiments on basic two-phase flow phenomena focussing primarily on
horizontal flows and dealing with aspects such as flow regimes and their
constitutive relations and countercurrent flow flooding phenomena. It also
includes separate effects experiments to determine the two-phase flow
behaviour of components such as pumps, steam generators, fuel channels, and
flow distribution headers. Integrated experiments on loops (such as RD-14)
are performed to determine system behaviour and to validate computer codes.
Separate Effects Experiments
Two large experimental programs that examine separate effects are
currently in progress, one to study in detail the fuel channel refilling
process (by the emergency core cooling system) and one to study the
two-phase flow distribution in flow distribution headers under
loss-of-coolant accident conditions.
Fuel channel refilling experiments are being performed in the cold
water injection test facility which has two full-size horizontal parallel
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channels containing 37-element electrical heaters to simulate the fuel
bundles under decay heat conditions. These are connected to inlet and
outlet headers and are located 5 m and 10 m below the headers, providing a
CANDU-type geometry. A water injection system is provided to simulate
emergency core cooling, and the effectiveness of emergency core cooling is
studied under the most adverse conditions, when there is no pressure
difference between the headers and thus little driving force to inject the
water into the channels.
The header facility contains two full-size, half-length CANDU
headers with feeder takeoffs geometrically similar to those in CANDU
reactors. There are currently 30 feeders with provision to increase to 60
feeders. The purpose of the experiments is to provide detailed information
on the behaviour of headers with two-phase steam-water mixtures, and,
particularly, to define what proportions of steam and water the different
channels will receive.
Integrated Experiments
Integrated experiments have been done in the RD-4 and RD-12 loops,
and are ongoing in the RD-14 loop. These facilities, representing the
features of the full heat transport system, have progressed in a stepwise
manner from a relatively small facility (RD-4) to a relatively large
facility, (RD-14).
The RD-14 facility is a full-elevation model of a typical CANDU
heat transport system. It consists of two full-scale, full-power
electrically heated channels, full-scale feeders and two full-height steam
generators in a figure-of-eight configuration. The steam generators have
reactor-size U-tubes but the tubes are reduced in direct proportion to the
heated channels to give the correctly scaled heat transfer areas per
channel. The loop is designed so that fluid mass flux, transit times and
pressure/enthalpy distribution terms in the primary system of the loop are
similar to those in a typical reactor under both full power and natural
circulation conditions.
For the secondary side, other than the steam generators, there has
been no attempt to scale the components to a reactor. Sizing is based
entirely on removing 5 MW of heat frorr each steam generator through a jet
condenser. The facility includes an emergency coolant system that can
simulate the various emergency core cooling systems found in CANDU
reactors.
The experimental program on the current configuration of the RD-14
facility has just been completed. It includes over a hundred experiments
covering a variety of conditions and phenomena. These include: 1) partial
inventory two-phase thermosiphoning tests, 2) secondary side
depressurization tests on a medium scale steam generator, 3) small- and
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large-break LOCA simulations, 4) loss-of-flow simulations, and 5) two-phase
flow stability tests.
The RD-14 facility is being modified to a multiple-channel
capability, providing 5 parallel channels at various elevations for each
pass. The total power for the 10 heated channels remains at 11 MW so that
the channel representation will no longer be full scale. This facility will
allow us to study the interaction between parallel channels in both
thermosiphoning and blowdown/emergency core cooling transients.
8.3.3

High Temperature Behaviour of Fuel Channels

The pressure tube/calandria tube concept is one of the unique
features of the CANDU system. Hence, a research program on fuel channels
behaviour at high temperature is being carried out to develop a sound
technical basis for the prediction of pressure tube/calandria tube behaviour
during postulated loss-of-coolant accidents involving insufficient primary
and/or emergency cooling. Essentially, the work is used to establish the
conditions under which the residual heat in the fuel channel can be
transferred to the moderator radially through the fuel channels without the
fuel channels losing their integrity. Computer models have been developed
which predict the heat transfer from the fuel to the moderator, the
resulting temperature transients in the fuel channel under various
postulated accident conditions, and the deformation of the fuel channel
components. Information and understanding has been gained in moderator heat
transfer behaviour, thermal contact conductance, pressure tube deformation
and model verification. The experimental test program and code development
forms the basis for demonstrating fuel channel integrity under accident
conditions.
In the CANDU system, the fuel channel is surrounded by a heavy
water moderator. Extensive work has been carried out to demonstrate the
effectiveness of this moderator as a heat sink. As noted before, when the
heat can be removed, the effects of the postulated accident can be
mitigated. Effective heat removal to the moderator is dependent on the
deformation of the pressure tube. If the internal pressure of the pressure
tube is low, the overheated pressure tube will sag under its own weight and
make contact with the moderator-cooled calandria tube along its bottom axis.
Thus, contact heat transfer is along the bottom of the pressure tube to the
moderator-cooled calandria tube and the contents inside the pressure tube
are cooled. At a high internal pressure, the overheated pressure tube, in
most cases, balloons out into contact with the moderator-cooled calandria
tube along its complete circumference. Again, the pressure tube and fuel is
cooled.
To understand the phenomena involved in the integrated tests on
moderator effectiveness, it was necessary to carry out single-effects tests
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and model them.

Some of these single-effects tests and models are:

a)

Study of pressure tube sag and ballooning at high temperature
(greater than 700 degrees C ) ,

b)

Development and verification of high temperature creep
deformation models to predict the ballooning behaviour of the
pressure tube under various temperature conditions,

c)

Study of the exothermic zirconium-steam reaction,

d)

Measurement of contact conductance between a pressure tube and
calandria tube when the former deforms into contact with the
latter.

Results of 32 fully integrated tests, combined with the
understanding and models obtained from the single-effects tests, confirm the
effectiveness of the moderator as a heat sink.
Much of the current research programs are addressing the question
of fuel channel integrity during severe accident conditions such as a
loss of coolant with a total failure of the emergency core cooling system.
There may be unique situations for which the pressure tube is subjected to a
non-uniform temperature gradient and in that case the possibility exists
that the pressure tube may rupture prior to contacting the moderator-cooled
calandria tube. To address this situation, we are carrying out the
following experimental work and model development:
a)

Determination of the circumferential temperature distribution
that can develop in a pressure tube under stagnated flow
conditions. The top of the pressure tube will be hot, while
the bottom is still in water. Under these conditions, the
pressure tube can deform non-uniformly and rupture prior to
ballooning into contact with the moderator-cooled calandria
tube. In the tests carried out to date, one out of four
pressure tubes ruptures prior to ballooning. This had been
predicted by the models for this phenomenon. Tests are
continuing.

b)

The effect of possibly molten Zircaloy flowing from a fuel
bundle onto a pressure tube. The effect of a very highly
localized hot spot on the pressure tube from the flowing
molten metal on pressure tube integrity is to be assessed.

c)

Experiments designed to investigate the integrity of the
calandria tube if the overheated pressure tube fails before
ballooning into contact with the moderator-cooled calandria
tube.
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8.3.4

d)

The study of pressure tube embrittlement due to the hot
hydrogen/steam mixtures.

e)

The measurement of thermal conductance between a hot fuel
element and pressure tube, and between a bearing pad and
pressure tube as a function of pressure tube temperature,
contact time and load, contact area, and surface condition.

Fuel Behaviour in High Temperature Transients

AECL has built up an extensive knowledge base on fuel behaviour
over the past four decades. The excellent design and performance of CANDU
fuel in normal operating conditions is a consequence of systematic
underlying research and development programs. For example, potential
performance-limiting phenomena were identified and studied intensively in
separate-effects experiments in the laboratory and hot cells, and then
computer models were derived to describe fuel element behaviour
mathematically. All-effects verification tests were performed in the test
reactors at CRNL and further confirmatory performance data were obtained
from CANDU power reactors.
Fuel safety studies have also been ongoing at AECL Research Company
during the same time, and the approach has closely paralleled the normal
operating conditions work. Separate-effects experiments have been used to
evaluate properties of the U0 2 and cladding; computer models have then been
developed to describe the deformation and gas release processes; and
in-reactor tests have been performed to provide all-effects verification of
the behaviour of fuel and fission products. Using this methodology, a solid
database and verified codes to describe fuel behaviour to at least 1100°C
have been developed. Work is currently ongoing to extend the database and
models to higher temperatures and more severe conditions.
A similar systematic approach is being taken in the safety-related
studies of high temperature fuel performance. Separate-effects experiments
are being used to evaluate material properties such as the oxidation of
Zircaloy and U 0 2 at high temperatures, then computer models are derived and
finally, in-reactor experiments are performed to provide an all-effects
verification of the behaviour of fuel and fission products.
Separate Effects Experiments
In the laboratory the oxidation of U0 2 in air or steam at various
temperatures is characterized in terms of oxidation rate, grain growth,
oxidation products and oxide morphology. The observations will allow
understanding of fission product release from irradiated U 0 z during
oxidation. The experiments performed so far have quantified the
volatilization of uranium-bearing species (such as U0 3 ) at temperatures
exceeding 1400°C. In the hot cells, the release of fission products has
been studied during the controlled oxidation of U0 2 in air or steam. Gamma
spectroscopy has revealed instantaneous release of some fission products,
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deposition of released fission products on surfaces as a function of
material and surface temperature, and the transport of xenon, cesium and
iodine along piping to a delay chamber. A very extensive database for
oxidative release of fission products has been built from 60 experiments
performed so far in the temperature range 400 to 1700°C. (This database was
invaluable in interpreting fission product releases from the Chernobyl
reactor.) Further laboratory and hot cell experiments are scheduled to
extend the database to 2600cC. At high temperatures the U0 2 and Zircaloy
interact chemically to enhance fission product release.
Computer Modelling
All the data collected from the separate-effects experiments,
characterizing physical and chemical processes, are used to derive
computer models which become important tools in reactor safety
assessments. Examples of codes derived from the separate effects program
are:
a)

FOXSIM, which simulates U02 oxidation in air or steam,

b)

FROM, the full-range Zircaloy oxidation model which will be
extended (FROM-SFD) to include U02-Zircaloy interaction, and

c)

FREEDOM, which simulates fission product release from U02
during oxidation, taking appropriate account of the enhanced
diffusion of fission products associated with the oxidation
process.

The oxidation and fission product release models will be added to
the ELOCA code which describes the behaviour of a CANDU fuel element in high
temperature transient conditions. In turn, ELOCA is part of an integrated
software package, CANSIM, that is being developed to describe fuel and fuel
channel behaviour in CANDU reactors. The CANSIM suite of codes will provide
a framework to model the interaction between channel thermohydraulics and
fuel bundles and fuel channels. In addition to fuel behaviour, CANSIM
includes: a thermal solution for heat transfer to the moderator, pressure
tube strain and contact with the calandria tube, and a subchannel
thermohydraulic model, ASSERT, which simulates two-phase flow
stratification.
In the future, CANSIM's capabilities will be extended to include
severe fuel damage phenomena such as: metal-water reactions resulting in
hydrogen generation, U02-Zircaloy high temperature interactions (eutectic
formation, relocation and liquefaction), and the improved oxidation and
fission product release codes FOXSIM, FROM-SFD and FREEDOM described above.
Development work is also continuing on an improved low-flow/reversing-flow
thermohydraulics model.
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In-Reactor All-Effects Experiments
The main objective of the in-reactor experimental program is to
provide a well characterized database against which the predictive ability
of transient fuel behaviour codes can be assessed and verified. We have
completed a series of loss of coolant type transients with fuel sheath
temperatures up to about 1050cC has been completed. The main observations
are that fuel sheaths strained to only about 5%, fission gas releases
(through cracked sheaths) were small, and fuel pellet fragment sizes
differed little from fuel following a normal operation reactor shutdown.
A series of severe fuel damage tests in the new blowdown test
facility in the NRU reactor is planned in the period 1987/88 to 1990/91.
Here the focus will be on the release of fission products from fuel
operating at temperatures in the range 1500 to 2400cC and the subsequent
transport and deposition of fission products in the heat transport system.
The blowdown test facility is equipped with on-line gamma spectrometry
systems to monitor and characterize the movement of individual nuclides as a
function of the time the fuel elements dwell in a flowing steam environment.
Steam flow is initiated following deliberate depressurization of the
facility into pipes and a tank located in the basement of the NRU reactor.
In addition to the domestic Canadian program, AECL has access to a
very large body of generic U.S. data on high temperature material
interactions between U 0 2 , 2irconium and steam, and also related severe
accident technology and computer codes. This access has been achieved
through our membership in the U.S.N.R.C. Severe Fuel Damage Partnership.
8.3.5

Fission Product Transport in the Heat Transport System

In the event of a loss-of-coolant accident, fission products may be
released from failed fuel elements into the fuel channel of the heat
transport system. Once released, the fission products must be transported
to the break in the reactor piping in order to be released into containment.
The release of fission products to containment depends on a number of
phenomena in the heat transport system, including:
a)

the thermohydraulics, (e.g., the flow of water to the break)

b)

the release of fission products from the fuel (rate and
quantity),

c)

the chemistry of the fission products,

d)

the transport and retention of gaseous fission products and
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e)

the transport and retention of aerosol particles.

The first two phenomena are the subject of previous sections.
this section, the AECL research programs in the remaining areas are
described.

In

Within the fuel channel, released fission products may exist as
either a gas or condensed as part of a solid aerosol particle. The
chemistry of the fission products in the high-temperature steam/hydrogen
environment near the fuel determines the forms that the fission products
take. Obviously the transport of a gas and a solid aerosol particle are
known to be substantially different.
A chemical thermodynamic database has been developed for the
radiologically important fission products, including cesium, iodine,
tellurium, ruthenium, molybdenum and uranium. This database has been used
in thermodynamic calculations to predict the chemical speciation expected in
the heat transport system as a function of the system temperature and
atmospheric chemistry (oxidizing versus reducing). These calculations,
supported by chemical kinetics calculations, have shown that Csl (cesium
iodide) is the dominant form of iodine which is released to containment.
This has a significant impact on prediction of iodine behaviour in
containment since Csl, which dissolves in water, then defines the starting
point for further iodine behaviour.
Extension of this theoretical data base to include other fission
product elements is proceeding. The main focus is always on those species
which could affect the behaviour of the most important radionuclides
(cesium, iodine and tellurium) with other species of less interest. The
theoretical calculations are supported by a program of laboratory
experiments to measure fundamental physical properties of important species.
Past work included study of cesium tellurides and current work includes
study of cesium molybdates and uranates.
Fission products are released from failed fuel elements as gaseous
elements that undergo chemical reactions to form stable chemical species.
As these species leave the overheated region of the fuel elements and enter
cooler reactor piping environments they tend to condense (with only a very
few exceptions) and plate out on surfaces. Some of this condensation may
occur directly on to heat transport system surfaces by molecular transport.
Once deposited, such fission products may be subject to later
revolatilization or dissolution upon system rewet.
In addition to condensation on reactor surfaces, fission products
may also condense to form aerosol particles via nucleation and growth. The
transport of these fission products to containment is governed by aerosol
physics. Retention of fission products in the heat transport system has not
been a main part of accident analysis to date. As a result, AECL has a
relatively new program in place to study the behaviour of aerosol particles
in a CANDU reactor during a loss-of-coolant accident. The goal of this
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program is to provide a fundamental database for the validation of computer
codes to predict aerosol transport in a CANDU reactor. Separate experiments
are required here due to the unique geometry and thermohydraulics of CANDU
reactors in comparison with light water reactors.
The focus of the current research program is on the
characterization of the aerosol particles which may be generated in an
accident. Experiments are in progress to measure the quantity and chemistry
of aerosol material which will be released from the fuel cladding and fuel
(U0 2 ). These experiments are necessary since the bulk of the aerosol
material, in fact, comes from these materials and not the fission products.
Data has been obtained on the relative vapour pressures of the relatively
volatile alloying elements of Zircaloy.
In the future, this program will be extended to include experiments
which measure the actual transport and deposition of aerosol particles under
CANDU-specific conditions. The experimental program will be directed to
study those aspects of aerosol physics which are most important in
validating a computer code for use in predicting aerosol transport in a
CANDU reactor.
In addition to the out-reactor tests, there are plans to make the
measurement of aerosol generation and transport an integral component of the
blowdovrn test facility data collection and analysis program. Preliminary
analyses of aerosols from U.S. in-reactor tests has shown that the aerosol
characteristics may be highly variable. The aim of the blowdown test
facility program is to provide a database for fission product release during
severe fuel damage transients with CANDU fuel. It is intended that aerosol
production will be part of the resultant database.
To supplement the blowdown test facility program, an effort has
just begun to develop an aerosol transport code coupled with the CATHENA
thermohydraulics code. This code is intended to be used as a tool for
analyzing the results of the blowdown tests.
In summary, AECL has an active research program in the area of
fission product transport in the heat transport system. In the past, most
of the effort has been devoted to an understanding on the chemical
speciation of the radiologically important fission products. This has given
a firm foundation for predicting the release of cesium iodide to
containment. Current research is now increasingly directed towards the
study of aerosol transport. It is anticipated that the combination of data
from the separate effects laboratory studies on aerosol formation and
transport and the results from the integrated in-reactor blowdown tests will
provide the database for the validation of an aerosol transport code. This
code will be then available to reduce overly conservative estimates for
fission product release for severe fuel damage accidents.
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8.3.6

Containment Behaviour

The containment is the third barrier to the release of fission
products to the environment following a loss-of-coolant accident. The
issues associated with containment performance during an accident are the
integrity of containment and the transport and behaviour of the fission
products within containment. Containment integrity is a function of the
pressure loading and engineering design and is not discussed here. This
section, which describes the AECL research programs associated with
containment, is divided into three areas:
a)

8.3.6.1

Fission product chemistry

b)

Aerosol transport,

c)

Hydrogen combustion.

Fission Product Chemistry

The first area is concerned with the chemical forms of the fission
products in containment. These can affect the fractional release of
individual radionuclides and their potential to deliver a dose to the
public. The second area is concerned with the behaviour of the dominant
physical form of most airborne radionuclides - aerosol particles. Together
chemical speciation and aerosol transport control the availability of
fission products for release from containment.
The main focus of the fission product chemistry program is the
behaviour of radioactive iodine. Radioactive iodine has been recognized in
licensing as a special fission product because of its high activity and
inventory in irradiated fuel, high volatility in many forms and high
retention in the human thyroid. For over seven years, AECL has carried out
an integrated program of iodine research at both a fundamental and applied
level. This program has sought to identify the chemical speciation of
iodine in the containment during a reactor accident and the fraction of
radioactive iodine which would be airborne and available for release in the
event of containment failure.
Extensive studies have been carried out to determine properties of
the elusive intermediate iodine species HOI and an upper limit to its
volatility has been determined. The inorganic aqueous chemistry of iodine
has been evaluated and the conditions required to minimize release of
airborne iodine have been determined. The influence of radiolysis on iodine
chemistry in containment has been evaluated and bench scale experiments are
now in progress. Experiments have also been conducted to study the
formation and volatility of organic iodides.
The culmination of these studies is the development of a computer
model for the prediction of airborne iodine concentrations after a reactor
accident, U R I C . This is a mechanistically based model which provides a
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predictive tool for the upper limit to iodine release. Work is in progress
to optimize this model and to include all relevant physical and chemical
processes. It is already available to predict upper limits for iodine
volatility under selected conditions.
The major uncertainty in the area of iodine chemistry is the rate
and mechanism of volatile organic iodide formation in containment. To
address this issue, a radioiodine test facility has been constructed and
will be operated over the next four years. This is an integrated,
all-effects, semi-scale facility which will provide a database for the
validation of the LIRIC model. The experiments will be able to duplicate
all of the conditions expected in containment, in an integrated manner,
including the presence of a 1 MRad/h (10 kGy/h) radiation field. In
addition, bench scale experiments on organic iodide formation in the
presence of a radiation field are continuing.
In conjunction with the basic experiments on iodine chemistry, a
program to measure the efficiency of impregnated charcoal filters for
retention of airborne organic iodides has been completed. This program
studied the effects of humidity, temperature, radiation field, aging,
hydrogen and atmospheric poisons (e.g., ammonia) on filter performance.
8.3.6.2

Aerosol Transport

With the exception of the noble gases and iodine, all fission
products which are airborne and available for release from containment are
components of aerosol particles. Aerosol processes within containment have
the potential for reducing the fraction of the fission products which are
airborne within containment. This occurs as a result of aerosol plate-out
on surfaces and deposition due to settling of large agglomerated particles.
A reduced fraction of airborne radionuclides results in a reduced risk of
release and dose to the public in the case of an accident. AECL is now in
the process of developing validated computer models for aerosol transport
and retention. The goal is to develop tools for a best-estimate prediction
of potential fission product releases to supplement conservative bounding
upper limits.
Recent work has included a review of the aerosol codes in use
internationally for nuclear safety analysis. Areas of uncertainty in the
methodologies used to calculate aerosol behaviour have been identified and
an address of these issues has begun. An example is a study, now in
progress, to examine the extent of conservatism in the common assumption of
well-mixed aerosol densities in containment.
A new area of research for CANDU reactor accidents, is the
production of water aerosols from the flashing of a two-phase jet at a break
location in the heat transport system. Such aerosols may contain fission
products and, in particular, iodine and cesium. AECL has a program in place
to understand the fundamental processes involved in jet-aerosol formation.
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This will be used to predict the fraction of airborne water droplet aerosols
in the event of an accident.
In summary, the activity transport part of the containment research
program at AECL has two main branches. The fission product chemistry
program is primarily concerned with the behaviour and volatility of
radioactive iodine. Our database in this area is quite extensive and we
have the ability to predict iodine behaviour under some circumstances. The
major uncertainty is the rate of volatile organic iodide formation under
complex chemical conditions and AECL has an integrated program backed by a
semi-scale test facility to address the issue. The aerosol transport
program is less advanced. AECL is addressing the issue in the interests of
developing a complete understanding of all of the phenomena which have
influence on potential fission product release in the event of an accident.
This knowledge will permit us to support best-estimate predictions of
potential releases.
8.3.6.3

Hydrogen Combustion

A major safety research program at AECL over the past seven years
has focussed on the issue of potential hydrogen combustion following a
loss-of-coolant accident and the development of technologies to mitigate
combustion. Hydrogen gas is continuously generated during normal reactor
operations as a result of radiolysis of the reactor coolant and calandria
water. The release of hydrogen is controlled by the integrity of the
reactor piping and the use of appropriate recombiners. However, in the
event of an accident, hydrogen may be released, in an uncontrolled fashion,
to containment.
There will be continued production of hydrogen via radiolysis of
water by decaying fission products in the fuel. In addition there may be a
large, short-term release of hydrogen via an exothermic reaction between the
zirconium of the fuel cladding and pressure tubes and high temperature steam
in severe accidents.
The zirconium-steam reaction becomes important for those
loss-of-coolant accidents in which the fuel cladding temperature exceeds
1000°C and is particularly significant for severe fuel damage accidents in
which the fuel cladding temperatures exceed 1500°C. AECL research programs
have made major contributions to the international database on the reaction
of various zirconium alloys with steam. There is an ongoing program to
study these reaction rates at high temperatures. As a result of this work,
AECL has in place algorithms and computer models to predict hydrogen
generation during all classes of reactor accidents.
The generation of hydrogen during a reactor accident is a safety
issue as a result of the combustible nature of hydrogen. Rapid combustion
of a hydrogen-oxygen gas mixture can lead to very high temperatures (which
threaten the survival of equipment) and very high pressures in a confined
volume (which may threaten the survival of equipment or the structure
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itself) . The major portion of the past research on hydroger. at AECL has
been dedicated to developing an understanding of the combustion process.
The goals have been to understand the conditions under which combustion can
occur and to acquire a database for the validation of a computer code to
predict the peak pressures that may be generated as a result of hydrogen
combustion during a reactor accident. The code is used as a tool in
assessing the integrity of containment as a barrier to activity release for
all accidents.
Past experimental programs have included fundamental studies of the
properties of hydrogen combustion, including such factors as: laminar
burning velocities, flammability limits, the effects of gas diluents,
including steam, and detonation cell sizes. Less fundamental programs have
examined the effects of gas venting, gas turbulence and combustion scale.
Taken as a whole, the experiments have covered virtually all aspects of the
physics and chemistry which influence the progress and consequences of
hydrogen combustion. This experimental work has been supported by computer
models of individual aspects of the combustion process, and a
mechanistically based code, VENT, for the conservative prediction of
combustion overpressures in a compartment.
Special facilities for these experiments include the containment
test facility and the hydrogen laboratory. The containment test facility
includes two large-scale vessels (a 2.3-m diameter sphere and a 5.3-m by
1.5-m diameter cylinder) with capacity for experiments up to and including
atmospheric pressure detonations. These vessels have been used for
large-scale experiments which focus on pressure transients and integrated
combustion effects. More fundamental studies are performed with bench-scale
apparatus supported by sophisticated analytic tools for data collection
including microsecond Schlieren photography, digital data acquisition and
laser doppler anemometry.
Current experimental and theoretical programs are directed towards
the understanding of combustion issues which are more intractable. These
programs include the study of hydrogen ignition criteria, flame acceleration
due to obstacles, venting and pre-existing gas turbulence and the criteria
and conditions required to induce a transition from deflagration to
detonation. Most of this work is required to improve our fundamental
understanding of the upper limits for the burning rate of hydrogen. This
will prevent the prediction of excessively conservative peak pressures due
to combustion. The work on detonation is required to identify whether local
detonations are possible within the containment or localized volumes. Such
detonation will not threaten the integrity of containment, but may affect
equipment survivability.
In addition to research on the combustion phenomenon itself, AECL
has carried out studies on preventative mitigation technologies. The
effectiveness of properly deployed ignitors for burning hydrogen under
relatively innocuous conditions has been demonstrated. Also AECL has
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demonstrated the effectiveness of an alternative hydrogen combustor for
potential use in vault cooler ducts.
In summary, through programs with a mixture of basic and applied
studies, AECL has developed a thorough understanding of the problems
associated with hydrogen production and combustion. Analytic tools are in
place, supported by research data, to predict combustion overpressures. The
outstanding issues are associated with particularly intractable problems
involving phenomena such as turbulence. Resolution of these issues will
reduce the conservatism present in current models. The criteria for
transition from deflagration to detonation needs further study in
determining the possibility of local damage to equipment.
8.3.7

Critical Channel Power

8.3.7.1

Introduction

For given conditions of mass flux, inlet subcooling and local
pressure, there is a heat flux at which an insulating vapour blanket forms
on the heat transfer surface. This vapour blanket causes the surface
temperature to increase at an accelerated pace, and under some conditions
cause "burnout". The heat flux at which this condition occurs is called
dryout or critical heat flux. The power at which dryout occurs in a fuel
channel is called critical channel power. Under normal conditions, nuclear
reactors operate well below this dryout limit.
CANTJU reactors have systems to trip the reactor if an overpower
condition occurs. The trip setpoints have substantial margins to avoid
dryout conditions. An ongoing research program is in place to determine
critical powers under potential overpower events, usually called a loss of
regulation, and to study heat transfer behaviour after dryout. The results
are showing that excellent heat transfer is maintained even when dryout
starts, and that there exists substantial margin before fuel sheaths would
start to overheat significantly.
8.7.3.2

Cosine Bundle Critical Power Measurements

A large program aimed at the establishment of critical powers in
37-element bundle geometries under conditions has recently been completed.
This program used simulated full-scale fuel strings, heated by direct
current and instrumented to detect the departure from nucleate boiling or
critical heat flux. The fuel string was cooled by ordinary light water at
reactor conditions. Several flowrates and inlet subcoolings were used to
determine the effect of these parameters on the critical heat flux.
Several bundle string simulations were used in this program. From
a simple design with uniform axial heat flux and a more advanced version
which simulated the bundle end plates, the necessary experience was gained
to perform an experiment with a "cosine bundle". This cosine bundle
incorporated end plate simulation every 50 cm, a correct radial heat flux
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profile and an axial heat flux profile that vas considered "most
detrimental" from a critical heat flux point of view. Every element in
every bundle segment vas instrumented to ensure that the earliest occurrence
of dryouv, was detected.
The data resulting from these experiments were used to develop a
critical heat flux prediction technique which allows prediction of the
dryout power with good accuracy. Pressure drop data was used to develop a
comprehensive two-phase pressure drop prediction model.
Full-scale bundle tests using refrigerant-12 as the modelling fluid
are ongoing. These experiments are performed to determine the effects of
geometry, flow obstacles in subchannels and end plates on critical heat
flux.
8.7.3.3

Post-Dryout Temperature Measurements

Throughout the experimental program to measure the critical channel
power, after the critical power was measured the power was increased to
record the post-dryout temperatures. It was found that the heat transfer
just beyond dryout was excellent and at least a factor of 10 better than
predicted from post-dryout correlations.
The cosine bundle was equipped with sliding and rotating
thermocouples to detect critical heat flux and the maximum temperature on
the bundle element sheaths. These thermocouples were also used to map the
temperature contours during post-dryout operation of the bundle. The
results of this study indicate that dryout is a fairly local phenomenon and
that a significant amount of overpower is required to spread the drypatch
around the perimeter of the element and along its length. Fuel centreline
melting is not usually a concern until complete circumferential dryout
occurs.
8.7.3.4

Onset of Dry Sheath Conditions

The excellent heat transfer performance just beyond dryout is the
focus of a recent program to clarify and define the difference between the
initial or intermittent and established post-dryout heat transfer regimes.
The temperature data obtained from several different experiments
appears to indicate that just beyond dryout the coolant is intermittently
wetting the heat transfer interface. This would explain the high heat
transfer rate. The fraction of time that the interface is wet decreases as
the interface temperature approaches the liquid thermodynamic critical
temperature. In the intermittent dryout regime the fuel sheaths do not
overheat significantly and thus operation in this region could be permitted
in some accident scenarios allowing an additional few percent in the safety
margin.

- 76 -

8.7.3.5

Development of the ASSERT Code

The ASSERT-4 code has been developed as a state-of-the-art
thermohydraulic subchannel analysis code which computes flow, enthalpy,
pressure and void fraction distributions for two-phase flow through
horizontal bundles. ASSERT uses advanced drift flux concepts and thermal
non-equilibrium to permit the two phases in boiling water flows to exhibit
unequal velocities and unequal temperatures. This permits the tendency of
the steam phase to migrate upwards due to buoyancy effects which can be
significant in modelling CANDU-type horizontally oriented fuel channels.
ASSERT development continues and is currently being used by AECL to
predict dryout in horizontal bundle geometries other than the 37-element
CANDU design.
When completely validated, ASSERT will be a powerful tool capable
of providing the necessary subchannel information for input to fuel
deformation models such as CANSIM.
8.7.3.6

Research in Support of ASSERT

Several smaller fundamental research projects are ongoing in
support of the continuing development of ASSERT. Many of these are
separate-effects experiments, i.e., they endeavor to measure one effect at
the time. Some of the quantities measured are, for example, velocity of the
liquid and vapour phase, interfacial velocity, void, void migration and
enthalpy, critical heat flux, and post-dryout temperatures in subchannels or
subchannel-shaped test sections.
Coordinated with the experimental program are several analytical
projects. Each of these projects acts as an auxiliary building block,
providing information to ASSERT for improved prediction capability.
8.7.3.7

Environmental and Biological Research

The high priority assigned to safety in the nuclear industry
necessitates a broad program in the health sciences related to radiation
protection. This requires knowledge of effects of radiation on humans and
other living organisms, on the movement of radionuclides in the
environment, and on doses received by different organisms from external and
internal sources of radiation. The knowledge from this research supports
the industry in achieving and demonstrating high standards of safety,
supports government agencies in policy-making, and informs other scientists
throughout the world. AECL has supported research programs on these topics
at the Chalk River Nuclear Laboratories since 1945. The goals of these
research programs are as follows:
a)

To contribute to and be aware of the worldwide bank of knowledge on
the biological effects of radiation and related agents on humans
and other living organisms, and to apply this knowledge to
improvements in health protection and health care.

- 77 -

b)

To contribute to and be aware of the worldwide understanding of
physical, chemical and biological processes in the environment so
that the distribution, movement and effects of contaminants therein
can be predicted.

c)

To develop methods for improved dosimetry, to contribute to and be
aware of the worldwide understanding of the effects of dose rate
and dose distribution at a cellular and subcellular level, and to
develop detailed metabolic models in order to assess the health
effects of radiation and related toxic agents on humans and other
living organisms.

d)

To monitor advances in the health sciences and assess their
relevance to AECL programs.

The results of this research are routinely published in scientific
journals for scrutiny and use by the international scientific community.
Further, these research activities necessitate the maintenance of up-to-date
knowledge of the results of worldwide research in these areas. Some of the
participants in these research programs are recognized as international
experts in their particular field and participate in meetings of a variety
of international and national scientific agencies, notably the International
Commission on Radiological Protection, the International Atomic Energy
Agency, the Nuclear Energy Agency's Committee on Radiation Protection and
Public Health, the United Nations Scientific Committee on the Effects of
Atomic Radiation, and the AECB Advisory Committee on Radiological
Protection. These activities provide the opportunity for discussions with
eminent scientists from other countries and ensure that the participants are
aware of new radiation protection concepts that are being developed in the
international scientific community. This knowledge is in turn made
available in consultation with representatives of national and provincial
governments in Canada and other representatives of the
Canadian people. Emphasis is normally placed on environmental and
biological aspects of routine operations in the nuclear fuel cycle, and of
other applications of radiation sources in medicine and industry, with minor
programs on the impact of energy development in general. During the past
year, as described in Section 7, appreciable effort has been devoted to
providing an understanding of the environmental and biological impacts of
the Chernobyl accident.
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Section 9
Perspective on Nuclear Reactor Safety

9.

PERSPECTIVE ON NUCLEAR REACTOR SAFETY

How safe is safe enough? To provide a framework for answering
this question, one has to express the concepts numerically, and normally it
is risk that is quantifed rather than its complement, safety. Risk is
usually defined as the amount of harm done to people in a period of time,
and can be expressed in terms of premature deaths per year, extra fatal
cancers per year, or release of radioactivity from the nuclear plant per
year.
In discussing measurements of risk, it is impossible to avoid
seeming insensitive, as one compares deaths/year from one technology to
another. Only by making such comparisons, however, can the optimum choices
which result in saving lives and improving health be made in an informed
manner.
It is clear that risk cannot be eliminated from any human
endeavour. The risk of an activity can be put in perspective by comparing
it with the benefits of that activity, or by comparing the risks of
different means of performing the same activity. It is difficult to
directly compare the risks of nuclear power with those of driving a car,
even though every month in North America more people are killed on the road
than will likely ever die as a result of Chernobyl, since people do not
choose directly between driving a car and using nuclear power. Instead, one
could compare the money invested to save a life in the automobile industry
with that in the nuclear industry; Siddal (Reference 43) has done this and
typically up to 100 times more money is spent to save a life by the nuclear
industry than by the automobile industry.
A more direct comparison can be made. In Ontario, there is a
choice between electricity generated from coal and that from nuclear. To
compare the risks from these alternative means of generating the same
benefit, one must distinguish two kinds of hazards - immediate (e.g., the 31
deaths at Chernobyl, and mining accidents) and delayed (e.g., the potential
cancers from the Chernobyl accident and from the routine emissions of coal
burning power stations).
In terms of immediate fatalities from radiation, the Chernobyl
accident has been the only contributor from the world's peaceful nuclear
power program. As described in Section 7, there have been fatal industrial
(non-radioactive) accidents in civilian nuclear power (e.g., Surry in the
U.S.) and fatal nuclear accidents in military reactors which involved
radiation (e.g., the SL-1 reactor in the U.S.); there were also other
accidents much smaller in consequence than Chernobyl. This record can be
compared with other causes of prompt fatalities from industry, including
mining disasters. Table 9-1 shows that, despite the deficiencies in the
Soviet safety philosophy which led to Chernobyl, the record for nuclear
power is excellent.
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In terms of delayed deaths, the estimates from responsible sources
world-wide for Chernobyl cover a range from about 1500 to 15,000
(Reference 42); they would occur over the next 40 years or so. It is
difficult to compare this with delayed deaths from other industrial
accidents, such as Bhopal, since the long-term effects of small amounts of
chemical exposures over large numbers of people are not as well understood
as those from radioactivity. Coal-fired plants do not have the potential
for catastrophic releases of carcinogens; however, the largest risk from
coal stations is in fact from the routine releases of carcinogenic
chemicals. Therefore, a better comparison is of the risk of delayed deaths
for both routine operation and accidents combined.
Such a comparison was analyzed by the American Medical Association
in 1978 (Reference 44). They concluded (using Western reactor safety
analysis) that "a coal-fired power plant each year results in 48 to 285
tiroes more deaths than does an equivalent nuclear-powered generating
station". In terms of public deaths (as opposed to "occupational deaths") a
1000 MWe coal plant would on average cause 1.6 to 300 deaths per year; a
nuclear plant in the U.S. about 0.01 to 0.16 deaths per year on average.
If twenty nuclear stations in North America were converted to
coal, the net effect would be to increase the number of delayed public
deaths over a thirty-year operating life (20x30 = 600 "plant-years") from
6-100 (nuclear) to 1000-180,000 (coal). The actual nuclear experience in
the West has been two delayed fatalities (computed from the Three Mile
Island accident) in over 1000 reactor-years of operational; the Soviet
experience would be similar to the lower range of coal, and the devastating
effect of Chernobyl was not on public health but in the widespread
contamination leading to huge cleanup costs.
Previous public enquiries into the safety of Canada's nuclear
power plants have been careful to recognize that safety is comparative, not
absolute, and have concluded that CANDUs are "acceptably safe". This is
also, the judgment de facto that the Atomic Energy Control Board, Canada's
regulatory agency, makes when it grants an operating licence to a nuclear
power plant.
In general, the public does not make such comparisons when it
judges the safety of an activity. Numerous studies have been performed on
how people rate risks (e.g., Reference 4 5 ) , and most come up with similar
conclusions. In the reference cited, people's judgement of risk was
compared to the measured risk; "rare causes of death were overestimated and
common causes of death were underestimated". Furthermore, "overestimated
items tended to be unspectacular events which claim one victim at a time and
are common in non-fatal form". The most overestimated frequencies of death
were those due to all accidents; pregnancy, childbirth and abortion;
tornadoes; flood; botulism; cancer; fires and flames; bites/stings; and
homicide. The most underestimated causes were smallpox vaccination,
diabetes, stomach cancer, lightening, stroke, tuberculosis, asthma, and
emphysema. The authors identified the following factors which affected
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people's judgement of risk: potential for disaster, voluntary versus
involuntary risk, immediate versus delayed effect, understood versus not
controllable, novel or familiar, common and accepted or gut-reaction fear
("dread"), and perceived likelihood of fatal consequences.
It is clear from this list why nuclear safety is a public issue.
It is also clear that the task remains two-fold:
1)

Continuing to design nuclear power plants as safe as
possible for the benefit of all Canadians and

2)

Providing accurate and understandable information to the
public and decision makers.

It is AECL's view that nuclear power is a reliable, safe and
economic form of electricity generation, and that the achievement of high
safety standards in CANDU is a good model for other industrial activities.
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TABLE 9-1
INDUSTRIAL ACCIDENTS

Non-nuclear disasters tend to receive far less media attention and
public reaction than do nuclear accidents, although their costs in terms of
human life and suffering can be very substantial indeed. This is
illustrated in the following summary of some of the major industrial
accidents which have occurred this century.
1907
1915
1921
1927
1933
1939
1942
1942
1944
1947
1956
1966
1966
1974
1975
1976

1978
1979
1979

1979
1979
1979
1980
1964

1984

SOURCE:

Steelworks, Pittsburg, USA
Petrol storage tank, Oklahoma, USA
BASF factory, Oppau, Germany

59 killed
44 killed
561 killed and

town destroyed
Hydrocarbon storage system, Pittsburgh, USA
28 killed
100 killed
Hydrocarbon storage system, Neuenkirchen Germany
Cellulose factory (and release of chlorine) ,
62 killed
Brachto, Transylvania
200 killed
Chemical factory, Limbourg, Belgium
l,572 killed
Coal dust explosion, Honkeiko colliery, China
136 killed
Liquid natural gas tank, Cleveland, USA
Fertilizer ship explosion, Texas, USA
561 killed
l ,100 killed
Dynamite trucks explosion, Cali, Colombia
144 killed
Aberfan coal tip, UK
17 killed
Refinery fire and explosion, Teyzin, France
Nypro chemical factory, Flixborough, UK
28 killed
Mine explosion, Chasnala, India
431 killed
Dioxin release, Seveso, Italy
No deaths but
considerable
ground
contamination
Propylene road tanker, Los Alfaques, Spain
216 killed
Bantry Bay, Eire, tanker explosion
50 killed
No deaths but
Railway accident involving chlorine and LPG,
evacuation of
Mississauga, near Toronto, Canada
240 ,000 people.
Three Mile Island, Pennsylvania, USA
No casualties
Anthrax release from biological and chemical
300 killed
warfare plant, Novosibirsk, USSR
15 ,000 killed
Machhu II dam, Gujerat State, India
Alexander Kielland oil field accommodation
123 killed
platform, North Sea
452 killed,
Natural gas explosion at Pemex plant,
4 ,248 injured,
Mexico City
31 ,000 homeless
Release of methyl isocyanate, Bhopal India
2 ,000 killed and
100 ,000 injured

United Kingdom Department of Information and Public Affairs.

- 82 -

REFERENCES
1.

Laurence, G.C., "Early years of Nuclear Energy Research in
Canada", Atomic Energy of Canada Limited Publication, Chalk River
Nuclear Laboratories, May 1980.

2.

Aspin, N., "The Domestic and International Relationships which
have Affected the Canadian Nuclear Industry", Canadian Nuclear
Association, paper presented at the European Nuclear Conference,
Geneva, Switzerland, June 1-6, 1986.

3.

McConnell, L.G., "Historical Overview", Ontario Hydro, paper
presented at the Canadian Engineering Centennial Conference,
Proceedings of the Nuclear Power and Fusion Programs of the
Canadian Nuclear Society, Montreal, Quebec, May 18-22, 1987.

4.

Gray, J.L., "Key Decisions", Atomic Energy of Canada Limited,
paper presented at Canadian Engineering Centennial Conference,
Proceedings of the Nuclear Power and Fusion Programs of the
Canadian Nuclear Society, Montreal, Quebec, May 18-22, 1986

5.

Snell, V.G., "Probabilistic Safety Assessment Goals in Canada",
Atomic Energy of Canada Limited Report, AECL-8761, 1986

6.

Snell, V.G., and Bonechi, M., "CAN'DU Safety Assessment to Meet LWR
Acceptance Criteria as Applied in Japan", paper presented at the
International Nuclear Power Plant Thermal Hydraulics and Operation
Topical Meeting, Taiwan, October, 1984

7.

Oh Yong Shick, "Wolsung - Innovations in Plant Operation", KEPCO,
Korea. Paper presented at the CNA Annual Conference, June 1986,
Toronto, Canada.

8.

MacLoon, F. and Sommerville, J.D., "Lepreau - Innovations by a
Small Utility", NBEPC, New Brunswick. Paper presented at CNA
Annual Conference June 1986, Toronto, Canada.

9.

Richards, D.J., et al., "CATHENA Simulation of the Wolsung DjO
Spill Incident of 1984 November 25". Paper presented at CNA
Annual Conference, June 1986, Toronto, Canada.

10.

Thompson, T.J. and Beckerley, J.G., editors, "The Technology of
Nuclear Reactor Safety", MIT Press, Cambridge, Mass., 1964.

11.

Cottrell, W.B., "The SL-1 Accident", Nuclear Safety, Vol. 3,
No. 3, Section VI, March 1982.

12.

Kaun, W.J., et al, "Post-Incident Analysis of Some Aspects of the
SL-1 Design", Nuclear Safety, Vol. 4, No. 3, Section III, March
1963.

- 83 -

13.

Tardiff, A.N., "Some Aspects of the UTR and SL-1 Accidents",
Report ISO-19308, Idaho Operations Office, USAEC, July 1962.

14.

General Electric Company, "Final Report of the SL-1 Recovery
Operation", Report ISO-19311, Idaho Operations Office, USAEC,
July 1962.

15.

Buchanan, J.R., "SL-1 Final Report", Nuclear Safety, Vol. 4,
No. 3, pp. 83-86, March 1963.

16.

Miller, J.M., "incident at the Lucens Reactor", Nuclear Safety,
Vol. 16, No. 1, January-February, 1975, pp. 76-79.

17.

Commission d'enquete technique sur l'incident de Lucens "Rapport
Final sur 1'incident survenu a la centrale nucleaire experimental
de Lucens Le 21 Janvier 1969", juin 1979, (French translation of
original report in German).

18.

Lewis, W.B., "An Accident to the NRX Reactor on December 12,
1952", Atomic Energy of Canada Limited Report, AECL-232, July 13,
1953.

19.

Hurst, D.G., "The Accident to the NRX Reactor, Part II".
Energy of Canada Limited Report, AECL-233, October 1953.

20.

Gilbert, F.W., "Decontamination of the Canadian Reactor", Chemical
Engineering Progress, May 1954, (AECL-116).

21.

Gray, J.L., "Reconstruction of the NRX Reactor at Chalk River".
The Engineering Journal, October 1953 (AECL-83).

22.

Hatfield, G.W., "A Reactor Emergency, with Resulting
Improvements", Mechanical Engineering, February 1955 (AECL-164).

23.

Ophel, I.L., "Monitoring of Fresh Waters Used for Disposal of
Radioactive Wastes", reprint from "Disposal of Radioactive
Wastes". International Atomic Agency, Vienna, 1960.

24.

Edwards, W.J. "Fission Product Release from the NRX 1952
Accident", Atomic Energy of Canada Limited Report, AECL-1877,
December 1963.

25.

Henderson, W.J., Johnson, A.C. and Tunnicliffe, P.R., "An
Investigation of Some of the Circumstances Pertinent to the
Accident to the NRX Reactor of December 12, 1952", Atomic Energy
of Canada Limited Report, NEI-26, 1953.

26.

Lewis, W.B. and Ward, A.G., "An Appreciation of the Problem of
Reactor Shut-off Rods with Special Reference to the NRX Reactor",
Atomic Energy of Canada Limited Report, AECL-590, May 1953.

- 84 -

Atomic

27.

Durster, H.J., et al, "District Surveys following the Windscale
Incident, October 1957", U.K. Atomic Energy Authority, A/C0NT.15/
P/316, United Kingdom.

28.

"Accident at Windscale No. 1 Pile on 10 October, 1957", Report
Presented to British Parliament, Report Cmnd. 302, Her Majesty's
Stationery Office, London, November, 1957.

29.

Kemeny, J.G., Chairman, "The Need for Change - The Legacy of TMI",
Report of the President's Commission on the Accident at Three Mile
Island, Washington, D.C., October, 1979.

30.

Staff of the US Nuclear Regulatory Commission, "investigation into
the March 28, 1979 Three Mile Island Accident by the Office of
Inspection and Enforcement", Report NUREG-0600, August, 1979.

31.

Pannel, B.J. and Campbell, F.R., "Three Mile Island - A review of
the Accident and its Implications for CAKLU Safety", Atomic Energy
Control Board of Canada, Report INFO-0003, March, 1980.

32.

"Analysis of Three Mile Island - Unit 2 Accident", Nuclear Safety
Analysis Center, USA. NSAC-1. July 1979.

33.

Rogovin, Mitchell, Director, and Frampton, George T. Jr., Deputy
Director, "Three Mile Island - A Report to the Commissioners and
to the Public", National Technical Information Service, USA.
1980 January 24.

34.

Brooks, G.L., and Siddall, E., "An Analysis of the Three Mile
Island Accident", Atomic Energy of Canada Limited Report,
AECL-7065, September 1980.

35.

Yaremy, E,M., "k Review of the. Incident at the Three Mile Island
Nuclear Power Plant", Atomic Energy of Canada Limited, presented
to Canadian Electrical Association Thermal and Nuclear Power
Section Fall Meeting, Calgary, Alberta, October, 1979.

36.

Dastur, A. et al, "A Quick Look at the Post-Accident Review
Meeting (PARM)", Atomic Energy of Canada Limited Report,
AECL-9327, September 1986.

37.

Howieson, J.Q. and Snell, V.G., "Chernobyl - A Canadian Technical
Perspective", Atomic Energy of Canada Limited Report, AECL-9334,
January 1987.

38.

International Nuclear Safety Advisory Group (INSAG), "Summary
Report on the Post-Accident Review Meeting on the Chernobyl
Accident", August 30 - September 5, 1986, CG (SPL.I)13, IAEA,
Vienna, September 24, 1986.

- 85 -

39.

Snell, V.G. and Howieson, J.Q., "Chernobyl - A Canadian Technical
Perspective: Executive Summary", Atomic Energy of Canada Limited
Report, AECL-9334S, January 1987.

40.

Snell, V.G. and Howieson, J.Q., "Chernobyl - A Canadian
Perspective", Atomic Energy of Canada Limited Report, PA-10,
December 1986.

41.

USSR State Committee on the Utilization of Atomic Energy, "The
Accident at the Chernobyl Nuclear Power Plant and Its
Consequences", presented at the International Atomic Energy Agency
Post-Accident Review Meeting, August 25-29, 1986, Vienna, 1986.

42.

Atomic Energy Control Board, "The Accident at Chernobyl and its
Implications for the Safety of CANDU Reactors", INFO-0234,
May, 1987.

43.

Siddal, E., "Risk, Fear and Public Safety", Atomic Energy of
Canada Limited Report, AECL-7404, April 1981.

44.

"Health Evaluation of Energy - Generating Sources", AMA Council on
Scientific Affairs, Journal of American Medical Association,
Volume 240, No. 20, November 1979.

45.

Slovic, P. et al., "Rating the Risks", Environment, Volume 21,
No. 3, April 1979.

- 86 -

Appendix I
Nuclear Safety and the Public

APPENDIX I
NUCLEAR SAFETY AND THE PUBLIC
Atomic Energy of Canada Limited1s policy is to encourage an
informed understanding among the general public of the company's roles and
responsibilities in securing and promoting Canada's nuclear option and the
diverse technologies, products and services which are part of Canada's
nuclear industry. In support of this policy, AECL is committed to
disseminating accurate information on its role and activities, by
initiating, inviting and participating in dialogue with its publics, and by
responding candidly and professionally to requests for information. Nuclear
safety is a key component of this communication process. We note as well
that AECL safety submissions which form a part of the licensing of a CANDU
plant are available in the reading room at the AECB.
Despite this avowed commitment, and despite the fact that Canadian
engineering for nuclear safety is second to none and that Ontario Hydro has
accomplished a nuclear safety record of 32 years without an on-the-job
fatality and has done so with no significant exposure of radiation to
workers or members of the public; despite all that, two out of three
Canadians believe that the risks of nuclear power outweigh the benefits.
A national opinion survey carried out in November 1986
(Reference 1-1) indicated that the reasons for concern about nuclear energy
focussed largely on safety issues - inherent hazards, risk of accidents,
Three Mile Island and Chernobyl, and the potential for human error. The
survey also showed that only 26 percent of Canadians wished to receive
information on safety issues exclusively, whereas 60 percent were interested
in learning more about the economic and commercial aspects of Canada's
nuclear program, in addition to safety information.
These findings suggest that the perception of safety issues is
undoubtedly a major deterrent to wide acceptance of nuclear power, but it is
not the exclusive factor dominating overall public concern.
Another survey, done in September, 1986, (Reference 1-2) also
showed that safety appeared to be a contentious issue, with 72 percent of
Canadians concerned about the safe disposal of waste, 68 percent concerned
about the occurrence of a major accident, and 61 percent concerned about
radioactivity emissions.
Although the wording of poll queries can result in inconsistency
and although polls cannot reflect a homogeneous public viewpoint - any poll
can tap only a fragment of relevant opinion - they are nevertheless valuable
in providing a clue to the public mood or mindset.
CANDU has been recognized as one of Canada's ten top engineering
achievements over the last century, and its outstanding record for
reliability, economy and safety has been substantiated in open competition
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with the world's best. The polls indicate that this performance has made
little impression on a sceptical and under-informed public.
While the public perception of safety is a primary area of concern
relating to reactors within Canada, safeguards also are frequently cited as
worrisome in relation to the sale of nuclear technology to other countries.
This in turn is associated with another perception - the connection between
civil nuclear technology and nuclear weapons.
Canadian policy on nuclear exports can be summarized .as follows:
the export of nuclear plants, equipment, technology and materials (uranium,
thorium, plutonium and heavy water) to non-nuclear weapons states is
restricted to those which satisfy the Treaty on the Non-Proliferation of
Nuclear Weapons or which otherwise accept international safeguards on their
entire nuclear program. AECL complies with this policy.
AECL also cooperates with the International Atomic Energy Agency
(IAEA) in its implementation of international safeguards, a system of
technical measures and inspections aimed at deterring the diversion of
nuclear energy from peaceful uses to explosive devices. All AECL sites
having nuclear materials are inspected regularly by the IAEA. AECL also
takes into account the IAEA's requirements for the application of
safeguards (Reference 1-3).
Since 1974, Canada has assisted the IAEA in developing equipment
and techniques to enhance the effectiveness of safeguards. The program has
been jointly funded by the Atomic Energy Control Board and AECL. AECL's
contribution has primarily been directed toward the development and supply
of instruments and hardware to be used by the IAEA for safeguarding CANDU
reactors in Canada and abroad. Canada's overall concern and major
contribution to international safeguards, like the safety record of our
reactors, has received limited public recognition (Reference I-A).
Despite the difficulties in allaying public anxieties about both
safeguards and safety, AECL has tried to pursue its commitment to
communicate openly with the public through a variety of programs carried out
largely, though not exclusively, by the company's public affairs departments
in the corporate office and at the three operating units - CANDU Operations,
Research Company and Radiochemical Company.
The external communication programs include public attitude
research, media relations, response to public enquiries, publications, films
and videotapes, exhibits, information centres, speaking engagements,
community relations, and the distribution of independently produced
education materials to schools.
One component of the "Perspectives on Energy" series produced for
the educational community was a film "How Safe is Enough?" and an
accompanying teacher's guide to introduce meaningful discussion on
perceptions of benefits and risks in a technological society. The film was
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the prologue for a comprehensive curriculum aid on nuclear and alternative
energies for high school students.
During the past few years AECL has published several booklets
dealing specifically with nuclear safety. These have been widely
disseminated through information centres, exhibits, conferences and in
response to requests for information. The major one, "Safety of CANDU
Nuclear Power Stations" has gone through several editions and reprints.
In the aftermath of Chernobyl, specific initiatives were
undertaken by AECL to address public concerns about nuclear safety. These
included the production of a videotape specifically for transmission on
cable TV outlets, articles for daily newspapers, a widely-distributed
booklet "Chernobyl - A Canadian Perspective", media interviews, and a series
of public seminars held on university campuses in Toronto, Ottawa, Hamilton,
Saint John and Saskatoon. Technical experts made themselves freely
available to participate in all of these programs.
It cannot be claimed that these initiatives have had a dramatic
impact on public understanding. Creating public awareness is not an
overnight achievement; it requires continued and relentless application and
reiteration, retelling and listening.
There are many barriers to understanding, some passive and some
active. One of the barriers is emotion, and it's a part of the obstacle
course that cannot easily be scaled by logic or reason. Theodore Pettus
(Reference 1-5) expresses it thus: "it is difficult to overcome any
emotional bias, and inadvisable to try, because you are not likely to
succeed. Do not try to overcome emotional bias with logic, for you only
make the polarization even more extreme or you bring about a polarization
where none existed before. And if you manage to present such forceful and
overpowering logical arguments that you make it impossible for your opponent
to put up a reasonable defense or counter-argument, the result is invariably
unreasoning hostility."
AECL must nevertheless continue to apply logic and reason, rather
than unbridled emotion, to the nuclear debate. Public views about nuclear
power are embedded within a whole spectrum of other beliefs - about energy
and technology generally, about the power of big government and big
corporations, about fear of the bomb, and about leaving an unmanageable
legacy to future generations.
Public interpretation of nuclear cannot be isolated from those
broader concerns and deeper universal angst, at least not until comparative
risks and benefits of alternative technologies and of other industrial and
social pursuits are more adequately identified, communicated and understood.
The onus for this is not only on the nuclear industry, but on the
educational, political and institutional entities that determine the future
well-being of society.
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Appendix II
Inherently Safe Reactors

APPENDIX II
INHERENTLY SAFE REACTORS

Can there be an inherently safe reactor? The answer to this
question must start with consideration of the fundamental principles of the
nuclear "chain reaction", which is the essential element of all reactors
employing the nuclear fission process.
In this chain reaction, atoms of fissile material (either certain
isotopes of uranium or plutonium) split into fragments through interaction
with neutrons. As a result of this splitting, or fissioning as it is
termed, large quantities of energy are released in the form of heat. In
power reactors, this heat is utilized to produce electricity through the use
of conventional heat engines. Much of this heat is produced promptly
through the absorption of the kinetic energy imparted to the fission
fragments. If the fission process is stopped, i.e., the reactor is "shut
down", then this source of energy ceases immediately.
However, some of the energy arises from the decay of radioactivity
within the fission fragments, and the release of this energy does not stop
when the reactor is shut down. Indeed, there is no known physical process
by which this release of energy can be stopped, short of destruction of the
fission fragments themselves. This release of energy, does, however, have
certain important characteristics. While it is "unstoppable", it decreases
with time as the radioactive decay process continues. At the instant of
reactor shutdown, it represents approximately 10% of the energy generation
from the reactor. Within minutes this has naturally decreased to about 5%
and within a few days to about 2%.
The key point to note is that this phenomenon is totally
independent of reactor type; it is an unavoidable consequence of the nuclear
fission process itself. No amount of clever design can eliminate this basic
fact.
What does this have to do with inherent safety? Simply this: It
is the unavoidable presence of this delayed release of energy which provides
an inherent means whereby barriers, which are erected to stop the spread of
radioactivity to the environment, may be breached. To prevent the breaching
of these barriers, means must be provided to safely dissipate this energy.
With this background, the concept of inherently safe reactors can
now be discussed. In common terminology an inherently safe reactor is one
in which, under any conceivable circumstance, the energy produced in the
reactor can be safely dissipated to the environment by totally passive
means. A passive means is one which requires no human intervention nor
source of external activating energy. Such a reactor has been developed by
AECL and is called "Slowpoke". Its characteristics are such that its
energy-generating capability is limited by basic physical phenomena to a
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level where natural heat dissipation to the environment is adequate under
all circumstances.
This inherent safety is relatively easy to achieve in small
reactors, such as Slowpoke, where required energy production rates are
small. Self-evidently, it is much more difficult to achieve when high
operating power levels are required, such as in commercial power reactors.
Even with the reactor shut down, many megawatts of heat must be dissipated,
this heat arising from fission product decay as discussed earlier.
As a next step in this direction, AECL is now developing a version
of Slowpoke with a target thermal power output of 10 MW. This version will
be used primarily for district heating since it operates at relatively low
temperatures (-v90°C). A 2 MW (initially) experimental prototype is
undergoing initial testing at our Whiteshell establishment. As to the
future potential development of this concept, we have not, as yet,
established what, if any, limits may exist in terms of power output and
operating temperature.
Turning to the world scene, the Swedish-developed SECURE/PIUS
concept is of interest but is, as yet, unproven. We are aware of
initiatives in several countries towards the application of passive systems
to currently developed power reactor systems and the high temperature gascooled reactor system. We are also pursuing such an investigative approach
for future CA.VDU reactors.
In summary, the inherently safe reactor concept is clearly not a
myth. However, considerable further work remains to be done before such a
concept can be considered available for commercial power reactor
application.
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1.0

INTRODUCTION

The safety of a nuclear power plant is contingent on good
design, good manufacturing and construction, good commissioning
and operation, and a good surveillance programme, all backed by a
sound research and development base and competent resources.
Many organizations - designers, researchers, owners, operators,
regulators, manufacturers - co-operate in bringing this about.
As designer of CANDU power plants, AECL participates in all of
the above aspects of power plant safety. Most important, as
developer of the technology, the designer is in a unique position
to influence plant safety from the very beginning and thus
carries a direct responsibility to the public. This unique role
and responsibility of the designer has not been fully addressed
by other submissions, and so will be described here.
In this
context we shall also address two issues which have caused much
discussion at the hearings: severe accidents, and evolution of
safety requirements.
We believe that nuclear power plant designers in general and
AECL in particular have acted responsibly in achieving a rational
balance between the risk and benefits of nuclear power.

2.C

DESIGNER ROLE AND RESPONSIBILITY TO SOCIETY

In modern society, everything we use has to be designed by
someone, somewhere.
The designer's social role is to improve
the quality of life through well-designed products.
The design process is a creative one.
The design function
requires different qualities and different capabilities than
research and development, manufacture, construction or operations.
The designer must first assess the need for a product
(he will be fortunate indeed if his customers help him) and then
create the product to fill that need.
As part of this process,
the designer must assess whether the purchaser will accept the
product as having sufficient merit and value; in particular this
includes a judgement on the benefits of the product in relation
to its potential risks.
Where the product concept is new, many of the designer's
decisions may not be covered by existing codes, standards and
regulations.
In addition, the public does not tell the designer
a priori what it wants or does not want.
For some products, the
length of time from concept to product delivery is many years
rather than months, complicating the design process.
Therefore
ultimately the designer uses judgement as to what the customer
and society will find acceptable.
This responsibility to
society is met by a sound training in engineering and science, a
professional code of ethics - and close observation of operating
experience, if any, on related products, to ensure that previous
failures are not repeated.
Once the design is complete, it can be criticized.
Criticism can be informed and responsible, or superficial - it
is, after all, easy to criticize.
The designer has an obligation to listen to responsible criticism and ensure that the
overall virtues of the product continue to meet both customer and
social needs.

3.0

DESIGN PROCESS

3.1

General Process

As noted, the first step in the design process is assessing
the need for a product, and specifying its attributes and the
criteria it should meet.
The next step is the creative one of
producing a concept and a design.
The design is then checked
and tested in one or more of the following ways: by modelling or
physical test, by analysis, by peer review.
Throughout the
process there will be input from the results of R & D programmes,
from reviews with manufacturers, constructors and operators, and
from past experience which includes operating experience and the
use of codes, standards, and regulations.
Usually such legal
requirements come from the desire of professional societies or
elected representatives to codify the good practice that has
resulted from the lessons learned from past failures.
3.2

The Nuclear Way

Nuclear design is a recent addition to engineering experience.
From the start it has followed the general process
described above, and has enhanced the process by innovation in
many fields of engineering design and safety.
The first
designers recognized that the problem was to control and contain
the large forces that could come from nuclear energy in a way
that was safe to the public and operators, and had minimal
effects on the environment.
True environmentalists were at work
in the nuclear industry long before the word became popularized.
Throughout the Western world, broad safety standards were chosen
that were much better than those achieved in other energy
industries.
This focus on safety and the environment has led to
improvements to the design process and methodology, which simply
put is the nuclear way.
The nuclear way is characterized by the following attributes :
1)

a design targeted to be safer and less
damaging to the environment than other energy
industries;

2)

a safety target that is backed by extensive
"what if?" questioning, by sophisticated
analysis, and elaborate experiments, with
direct design consideration of very rare
events, leading to a forgiving design;

3)

an industry culture which has quality as a

sine qua non;

3.3

4)

high formalized standards of design, manufacturing and operation;

5)

testing and retesting of systems and compon
ents to verify and assure the intended
performance;

6)

strict adherence to Quality Engineering in
design, construction, commissioning and
operation.

Mature Industry

In the early days of nuclear power development the nuclear
industry used, where practicable, the existing general design
practices and standards.
As the program developed, the nuclear
industry generated its own practices and methodologies and has
codified these in standards published by the Canadian Standards
Association (CSA), in design guides published by the designer,
and in Regulatory Policy Statements published by the Atomic
Energy Control Board (AECB).
Today there exists a complete set of CSA standards covering
all aspects of nuclear power plants. AECB Regulatory Policy
Statements cover all aspects of nuclear power plant safety. Also
the designer has developed a full set of design guides which
cover all the important aspects of the design process. This
marks a state of maturity, indicating that key aspects of the
technology are understood.
At the same time knowledge does not
stand still: both research laboratories and operating plants
generate new experience which is applied to both old and new
installations.
The Standards and Regulations define accepted
practice while leaving significant flexibility to the designer to
improve the product.
3.4

Nuclear Experience

Throughout the development process, time and experience have
shown that the methodical and meticulous process followed by the
designer has paid off. Experience has also demonstrated that
when faced with uncertainty and called upon to make a judgement,
the designer has tended towards higher safety margins. This
means that, generally, a nuclear power plant is more robust than
claimed by the design documents.
For example, it is known from
experiment (Ref. [11) that the containment building on CANDU-600
plants will remain basically intact at pressures several times

the pressure for which it is designed.
The quality of engineering /judgement and decisions made in
the CANDU design can be measured from the following performance:

3.5

1)

excellent safety record as measured by the
incidence of significant radiation and
non-radiation related injuries (none, and
well below the industrial norm respectively);

2)

very low routine radioactive releases to the
environment - generally well below 1% of the
allowable derived levels;

3)

high plant availability.

Regulatory

Impact

In an un-regulated industry the designer has the sole
responsibility during the design phase for establishing the
correct balance between risk and reward. The Canadian nuclear
industry is, of course, highly regulated by the Atomic Energy
Control Board; the AECB has established a regulatory framework
which sets "bottom line" safety and performance requirements for
safety-related systems and equipment. Unlike other jurisdictions
the regulatory approach has deliberately left the primary
responsibility for meeting these safety targets with the
designer/operator.
Generally, the designer has produced a
product which operates well within the guidelines for normal
operation and is demonstrated by analysis to have large safety
margins for accident situations.

4.0

DESIGN APPROACH TO ACCIDENTS

Many people believe that nuclear power poses new and
uniquely severe risks of disaster. The previous AECL submission
to the Ontario Nuclear Safety Review (Ref. [2]) shows that this
is not true - other industries have equal or greater potential
for damage to human life and health, and the ACTUAL safety record
favours nuclear power very strongly. What IS new and unique
about nuclear power, however, is that its disaster potential was
recognized very early on, and was dealt with consciously in the
design in a practical way.
The WASH-740 report (Ref. [3]), published in 1957, predicted
large numbers of casualties if by some means most of the radioactivity escaped from a nuclear power plant and no credit were
taken for containment. To go from a desire to prevent such a
disaster, to a practical and safe design, required that decisions
be taken using engineering judgement and the experience of
nuclear laboratories and small reactors. For example, the NRX
accident in 1952 (Ref. [4]) was seminal in developing the
Canadian design philosophy of shutdown systems for power reactors .
In particular, given the complexity of theoretically
possible accidents, a representative set was chosen which was
believed to be more severe than anything likely to happen in the
plant lifetime. This set, sometimes called DESIGN BASIS accidents, provided the framework for the design of the plant and
its safety systems, and allowed the design to proceed. This
concept by itself was used by all nuclear designers. The
Canadian innovation was to recognize the special role of the
safety systems. We believe that by:
1)

SEPARATING them from the normal systems,

2)

providing MONITORABLE GOALS on their reliability which can be demonstrated by periodic
test, and

3)

showing the plant was tolerant to FAILURE of
a safety system,

we have provided a practical means of assuring that the fault
that caused the accident would not also disable (or find unavailable) the systems put there to overcome it (Refs. [5], [6]).
This same separation of normal and safety systems lets the CANDU
tolerate operator errors in controlling the plant: the safety
systems do not depend on perfect operators in order to be
effective. The result is a design which is FORGIVING of errors

and failures.
In probabilistic terminology, the frequency of disasters was
reduced to such small values that they could be ignored for all
practical purposes.
This framework enabled the design to proceed but was NOT a
statement on the limits of the plant. The capability that was
designed in to cover the Design Basis Accidents meant a resilient
response to UNANTICIPATED events. We have already described some
of the margins in the CANDU containment.
In real accidents, the
most notable example of this was the Three Mile Island (TMI)
accident (Ref. [7]). A loss of coolant without emergency core
cooling was not in the set of design basis events for Pressurized
Water Reactors (PWRs) (though the CANDU design does consider
it).
But PWR designers used a very conservative loading of
energy and radioactivity to design the containment.
So although
several tons of fuel melted (Ref. [8]) in the Three Mile Island
reactor, and although the release of radioactivity FROM THE FUEL
was comparable to that from Chernobyl (Ref. [9]), the health
consequences at TMI were insignificant - thanks to the resilient
response of the containment and the affinity of radioactive
iodine and cesium for water. The PWR design basis set of
accidents also did not encompass combustible hydrogen mixtures in
containment (although again the Canadian approach does) but the
TMI containment easily withstood a hydrogen burn because of the
robustness designed into it.
Unfortunately the industry has not explained the design
process in a way that the public can understand.
At the same
time, those wishing to limit the use of nuclear power have taken
parts of the design process out of context.
The fact that the
designer considers many "what ifs?" does not mean that he/she
expects them to occur in the lifetime of the plant, but rather
that even a rare event can be accommodated by the design.
For
various reasons, both nuclear designers and anti—nuclear groups
have not communicated to the public a feeling for the importance
of the input assumptions in understanding the end results.
This
has lead to doubt and confusion.

10

5.0

CONSISTENCY OF SAFETY CRITERIA AND PUBLIC PERCEPTION

One of the safety issues that all industries deal with is
judging the safety of older operating machines while technology
improves the safety of new designs. On one hand we believe
collapsible steering columns on our cars are a good safety
improvement, yet on the other hand we tolerate cars without this
improvement.
We live in older houses withOUT grounded electrical receptacles, and in newer ones WITH them. We fly from an
airport in a plane built in 1987 which can land in zero visibility, or in a plane with no radar where the pilot must be able to
fly and land using visual flight rules.
The common threads that we see are as follows:
1)

We must encourage technological improvement
where cost-effective.
If every safety
improvement meant that all older designs were
ipso facto unacceptable, no one would dare to
suggest change.

2)

A change in knowledge may lead to a re-evaluation of older designs to confirm that the
BASIS of the original safety judgement is
still valid.
In most instances, we find this
to be the case.

3)

If the new knowledge changes the basis of the
safety judgement adversely, backfitting may
be warranted, depending on available margin.

We shall consider some specifics from the Canadian nuclear
experience.
The early Canadian safety philosophy (developed by the
designer for the Nuclear Power Demonstration (NPD) and Douglas
Point plants) was probabilistically-based - it compared the
safety of nuclear power to that of coal-fired power, and set as a
worthy design goal that the former should be many times safer.
The safety requirements were expressed by the designer as clear
targets (frequencies of accidents vs. consequences) which had to
be met. The result was the practical approach to plant design
discussed earlier.
When Pickering-A was being designed, the AECB safety targets
were based on the single/dual failure approach (an intermediate
philosophy between a true risk-based approach and a deterministic
approach), but the design practice developed on Douglas Point was
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well-founded enough that it could meet the new targets without
major changes - the same ideas of separation and testability
carried over. The freedom as to HOW to meet the targets led to
the unique, innovative and highly effective vacuum containment
for Pickering - a better and cheaper way of doing the job for
multi-unit plants.
For both Pickering-A and Douglas Point plants, the safety
targets required the designer to show that the plant could
tolerate an accident which increased power even if the shutdown
safety system failed completely.
The most challenging (and the
most rare) of this class of accidents was the large loss-of—
coolant accident, together with an assumed failure of the
shutdown safety system.
An elaborate analysis was done to
predict the energy which was released before the reactor shut
down due to the damage that the excess power would cause.
The
analysis concluded that although the containment would leak, it
would not be destroyed, so that the consequences would be far
from a Chernobyl-like disaster.
The analysis was accepted by
designer, owner and regulator as sufficient to meet the safety
target. However the prediction was very difficult to do using
the tools available at the time, so that for Bruce-A the designer
offered the alternative of a redundant shutdown system, as a
different way of accomplishing the same goals.
This was
accepted and has become the standard Canadian design (and now
regulatory) approach. It was an easier way of meeting the same
target on a new design.
The recent Ontario Hydro study on
accidents with failure of the shutdown system for Pickering-A has
been stated as supporting the conclusions reached with cruder
tools earlier on - a confirmation of the judgement made at the
time the plant was licensed.
Sometimes backfitting WAS warranted. An improvement in our
ability to calculate the dynamics of two-phase, non-equilibrium
steam/water flow, backed by channel and circuit experiments at
AECL's Whiteshell Nuclear Research Establishment (WNRE), led us
to the conclusion in the early 1970s that the low-pressure
emergency coolant injection system, then in the design of the
CANDU-600 reactor, would not prevent fuel damage for small pipe
breaks. This would risk a significant economic loss. In
addition its weak performance for the much less frequent large
pipe breaks meant a heavy reliance on the containment. The
design was changed in mid-project, at considerable cost, to the
current high-pressure injection. The same investigation led to a
number of back-fits on Douglas Point, Pickering-A and Bruce-A.
More often, new technology confirms or improves existing
margins. Although early Canadian criteria were risk-based, only
in the last ten years have probabilistic techniques become
sophisticated enough to provide an independent check that,
indeed, disasters will be very rare. The Darlington Probabil-
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istic Safety Evaluation (Ref. [10]), and the Safety Design Matrix
Studies for other stations (Ref. [11]), while leading to several
key changes, confirmed the soundness of the basic design.
Finally, advances in our understanding of iodine chemistry
for water reactors reveal large inherent margins in the safety
criteria. Dose limits for iodine were believed to be limiting
for CANDU design for many years, as we assumed only a modest
amount of attenuation of iodine in containment. With the
realization that almost all the iodine (and cesium, etc.)
basically goes to and stays in the water inside containment in
any "wet" accident, we also realized that our containment and
Emergency Core Cooling system designs were far more effective
than we had allowed for in limiting release.
It is now established (Ref. [12]) that the biologically significant releases
from the plant in an accident are relatively insensitive to
containment leakage rate.
At the same time as these changes take place, public
perception of safety also changes.
By itself, the increase in
the public profile of nuclear safety raises alarm, and it is too
easy, and incorrect, to present the story only in terms of
changes in the AECB regulations.
Nuclear power is not, of
course, the only industry where regulations are casually equated
to safety - legally "permissible" levels of chemicals in our food
and water may differ by orders of magnitude from one country to
another - even though the science is the same everywhere.
Safety, and public perception of safety, are not unique to
the nuclear industry in Ontario.
The Ontario Nuclear SafetyReview has studied only the safety of CANDU reactors in Ontario
in depth. Most of the issues raised in this section, however,
are generic not only to CANDUs elsewhere, but to the nuclear
industry internationally.
Thus the conclusions of the Ontario
Nuclear Safety Review inevitably reflect on CANDUs elsewhere in
Canada and overseas.
Indeed, the question can only be properly
framed on the acceptability of nuclear energy in Ontario and its
alternatives.
Hence a judgement on the acceptable benefits and
risks of nuclear energy makes sense only in the context of the
accepted benefits and risks of other technologies which are
realistic alternatives to energy generation by nuclear power.
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6.0

CONCLUSION

When a plant is first built, its designers, owners, and
regulators make a safety judgement based on their knowledge and
collective experience at the time. As time goes on, safety
criteria may change. But that is only ONE of the factors in a
safety judgement. The others include methods improvement, new
scientific understanding, and the cost (both in dollars and in
real radiation exposure to station personnel) of safety changes
in relation to the benefits gained.
For CANDU we have seen all these factors: regulations have
become stricter (Ref. [6]), our understanding of the behaviour of
equipment and radioactivity in an accident has improved greatly,
and the cost of saving a man-rem has increased as the plants
become optimized. Taken all together, it is AECL's contention
that the FUNDAMENTAL safety of CANDU has remained high since the
first Douglas Point prototype, and will continue to be high with
the reactors now under development.
However the designer's lot has become more difficult.
The
process of designing a product to satisfy a customer, using a
perceived view of what benefits society, is no longer simple.
Who is the customer?
Is it the utility, or an amalgam of
Government departments and various factions of the public?
How
is the designer to make judgements on the acceptability to
society when society speaks with so many voices and so little
leadership?
We in AECL believe that nuclear power has such outstanding
benefits to Canadians that, together with industry and governments, we need to tackle these issues so the benefits can
cont inue.
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