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SAFETY IN NUCLEAR POWER SYSTEMS

ISSUE DEFINITION

Mankind utilizes energy in many forms and from a variety of

sources. Canada is one of a growing number of countries which have chosen

to embrace nuclear-electric generation as a component of their energy

systems. There are now more than 365 power reactors operating in 27

countries and accounting for approximately 12% of the world's production of

electricity. In 1984, seven countries — Finland, Sweden, France, Taiwan,

Belgium, Switzerland and Bulgaria -- derived at least 25% of their

electricity from nuclear units, with France leading at 58.7%. Last year

Canada produced 11.6% of its electricity from nuclear units. Some 170

power reactors are under construction in 25 countries, enough to expand

present generating capacity by 65%. No human endeavour carries the

guarantee of perfect safety and the question of whether or not nuclear-

electric generation represents an "acceptable" risk to society has long

been vigorously debated.

Until the events of late April 1986, nuclear safety had

indeed been an issue for discussion, for some concern, but not for alarm.

The accident at the Chernobyl reactor in the USSR has irrevocably changed

all that. This disaster has brought the matter of nuclear safety back into

the public mind in a dramatic fashion. This paper discusses the issue of

safety in complex energy systems and provides brief accounts of some of the

most serious reactor accidents which have occurred to date. Details are

also provided of Ontario Hydro's problems with Unit 2 at Pickering.

Chernobyl is not discussed in this review as it is the subject of a

separate Current Issue Review (#86-25, The Chernobyl Accident).
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BACKGROUND AND ANALYSIS

A. Safety in Complex Energy Systems

Assessing how complex systems fail is a complicated matter

and recent reactor accidents have demonstrated that this assessment is less

certain than formerly supposed. Not only may complex systems incorporate

errors in design, contributing to safety problems, but they may also suffer

from improper construction, quality assurance, maintenance and operation.

An example of error in design is in the news at the moment. Had the

reactor design used at the Chernobyl site included a containment structure,

the level of radiation released into the atmosphere as a result of the

accident and fire would have been far lower. The CANDU system, by

contrast, has a four-foot thick concrete containment structure around the

reactor.

The reactor accident of March 1979 at the Three Mile Island

generating station in Pennsylvania illustrates how mechanical problems can

be compounded by operator error, emphasizing human reliability as well as

equipment reliability in ensuring safety. Indeed, the Report of the

President's Commission on the Accident at Three Mile Island (the "Kemeny

Report") had more to say about the people involved in reactor safety — the

equipment manufacturers, the utility managers, the plant operators and the

staff of the U.S. Nuclear Regulatory Commission (NRC) -- than it did about

improving the technology.

Accidents may also occur because supposedly independent and

redundant systems fail simultaneously due to a common initiating event.

For example, identical valves in independent units have failed

simultaneously in response to a common set of conditions because they were

not designed or installed properly. Improper maintenance may also cause a

common failure, perhaps because each of the independent units has been

improperly calibrated or serviced. Or a totally unexpected failure may

occur because the sheer complexity of the system has prevented all

potential accidents from being identified.

The Salem-1 reactor in New Jersey provides an example of an

unanticipated failure. When a routine anomaly or "transient" occurs during
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reactor operation, a safety system is supposed automatically to shut down

or "scram" the reactor by stopping the nuclear chain reaction. A failure

of the safety system to so operate -- termed an Anticipated Transient

Without Scram (ATWS) -- was supposed to have such a low probability of

occurrence that the risk it represents was previously considered negli-

gible. The U.S. nuclear industry argued that ATWS regulations and protec-

tive measures were unwarranted on the grounds that the basic safety systems

were virtually fail-safe, and an expert on reactor safety could write in

1980: "No reactor has ever failed to 'scram' in an emergency."(1) Yet

twice within four days in February of 1983, just such an event occurred at

Salem-1. Operators manually scrammed the reactor in both cases, preventing

damage to it, but the incidents demonstrated that a breakdown in electronic

safety systems was not as implausible as the industry had maintained.

The subsequent investigation of the Salem-1 incident by the

U.S. NRC determined that a critical component, designed to drop the reactor

shut-off rods automatically, had failed in both circuits of a doubly redun-

dant system. This component, which should have received twice-yearly main-

tenance, had not been maintained at all during its years of service in the

station and "dirt accumulation on exposed linkages" was described by the

NRC as one of the causes of failure.

The Chernobyl accident, the worst ever accident involving

nuclear reactors, resulted from an incredible series of "human" errors. It

is also interesting to note that an article in a Kiev newspaper, a month

before the accident, had criticized acute shortcomings in materials, shoddy

workmanship and low morale at the plant.

This accident has sparked an unprecedented interest in the

question of nuclear safety and as a direct result the IAEA has presented

two new international conventions. Canada has signed both of them; the

first deals with early notification to other countries about nuclear

accidents and the second involves an undertaking to help other countries

which have suffered such an accident. The IAEA has also received proposals

involving international regulation of nuclear power. For example, the

(1) Harold W. Lewis, "The Safety of Fission Reactors", Scientific Ameri-
can, Vol. 242, No.3, March 1980, p. 59.
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subject of standardized training of nuclear power plant personnel will be

discussed at an IAEA meeting in Japan in 1988.

In the United States the growing number of serious operating

mishaps at nuclear power installations led a Commission of that country's

Nuclear Regulatory Commission to make the following chilling prediction:

Given the present level of safety being achieved by
the operating nuclear power plants in this country, we
can expect to see a core meltdown accident within the
next 20 years, and it is possible that such an accident
could result in off-site releases of radiation which
are as large as, or larger than, the releases estimated
to have occurred at Chernobyl.

In several countries, increased interest in the study of

nuclear safety has been evident in light of Three Mile Island and

Chernobyl. The United States Nuclear Regulatory Commission issued a Severe

Accident Policy Statement in 1985 and has been working on the

implementation of the new policy. As part of the new program, all existing

plants will be systematically examined for severe accident vulnerability

and mitigative measures suggested where necessary. Clearer standards for

risk assessment of proposed new nuclear power plants are being developed.

In addition, containment performance criteria are being established.

West Germany is just completing a major study on nuclear

power plant risks. The advance word is that the consequences of severe

accidents at German light-water reactors would be lower than previously

estimated, by one to two orders of magnitude. Despite this very reassuring

result, the Germans are instituting a plan to install a new safety feature

on all existing pressurized water reactors over the next 18 months. This

feature involves installation of a filtration system which will allow for

controlled depressurization of the containment structure. Such a move is

designed to prevent the build up of potentially explosive amounts of gas in

the containment building during a serious accident, so as to avoid

endangering the public.

Canada has also begun a major review of nuclear power plant

safety in this country. A report is expected by the end of 1987.
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B. Inherent Safety vs. Engineered Safety

The safety of most commercial nuclear reactors depends on

engineered systems. In the event of an accident, some engineered systems

must detect danger and then respond to it in order to shut down the

reactor. It is also possible and perhaps, in light of the Chernobyl

accident, essential to design reactors that are "inherently" safe. The

shut-down of such reactors during an accident would, rely solely on the laws

of physics and not on engineered systems and operator intervention. In the

words of one writer, "The idea behind inherent safety is to replace

Murphy's law (if anything can go wrong, it will) with the laws of

physics."(2) Several countries have been developing inherently safe

reactors and they will serve as illustrations of the concept.

Sweden has developed a pressurized water reactor it calls

PIUS, in which the core cooling system and all heat exchangers are immersed

in a solution of boron. Boron is a neutron absorber and quickly damps down

the heat-generating chain reaction. During normal operation, the pressure

generated by the coolant pump keeps the borated water out of the reactor.

If the coolant pumping system fails, the difference in density between the

hot water and cold water would immediately cause the reactor to be flooded

with borated water, shutting down the chain reaction. No human, mechanical

or electrical intervention is required to achieve shut-down. Sweden hopes

that it will be ready to start selling PIUS reactors by 1990.

West Germany has a high-temperature, gas-cooled reactor

(called the THTR 300) which has round fuel elements the size of tennis

balls. These fuel elements are circulated: one drops out of the core

every eight seconds and another is put in on top. Because of the size and

surface-to-volume ratio of the fuel elements, it is impossible for the core

temperature to exceed 1600°C. The designers claim that this reactor could

lose all of its coolant (helium gas) without getting hot enough to release

fission products.

A number of reactors being developed in the United States -

such as General Electric's fast-breeder PRISM reactor, Rockwell's SAFR

(2) "Lessons From the Schoolhouse," The Economist, 10 May 1986, p. 92.
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reactor and the Department of Energy's MHTGR (Modular High-Temperature

Gas-cooled Reactor) - also incorporate self-shutdown mechanisms which

require no mechanical, electrical or human intervention. Since the

accident at Chernobyl, such reactors are much more attractive than they

once might have been.

C. Ontario Hydro's Recent problems

Despite an exceptional record of reliability, operating

problems were experienced within little more than a month in 1983, at

Pickering Units 1, 2 and 5, Douglas Point and Bruce Unit 3. The first of

these, the abrupt failure of a pressure tube at Pickering-2 on 1 August

1983, was the most serious event. Subsequent outages at the other units

were the result of minor difficulties but received wide media coverage

since they so closely followed the event at Pickering-2. That accident and

its implications are reviewed here in some detail.

On 1 August 1983, a crack almost two metres (76 inches) long

developed in one of the 390 pressure tubes in the Pickering-2 reactor.

This unit, which entered service in 1971, was operating at full power (540

megawatts) at the time. The pressure tube failure released heavy water

coolant into the annular space separating the pressure and calandria

tubes. The calandria tube withstood the high pressure of the escaping

coolant, channeling it through the shields at both ends of the reactor into

the two large rooms where the reactor refueling machines operate within the

containment building. Initially the coolant was escaping at a rate of some

900 litres (about 200 gallons) per minute. This leak was detected by

monitoring systems within a couple of minutes and normal procedures were

used to shut down the reactor. Automatic safety systems were not called

into operation. With the reactor in the shutdown cooling mode, the leakage

rate was reduced to a low level. To offset the continuing coolant loss,

heavy water was first drawn from storage and later recycled from collection

sumps in the reactor building.

There were no fuel failures during the incident and releases

of radioactivity from the station remained within normal operating limits.

Removal of the fuel bundles from the failed pressure tube was delayed for
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srveral days until the electrical systems controlling the refueling

machines could be dried out. Each fuel bundle contains 78 fuel elements or

"pencils" -- two pencils were found separated from their bundles and lodged

in the crack in the pressure tube. After the failed tube had been cleared

of its fuel charge, it was removed from the reactor core and sent to AECL

laboratories at Chalk River for detailed metallurgical testing. Pending

the results of this investigation, Pickering-2 remained out of service.

Preliminary examination of the failed tube uncovered

zirconium hydride blisters on the tube's exterior surface and the crack may

have originated at a cluster of these blisters.(3) A second fuel channel

with a comparable operating history in the Pickering-2 core was also

removed for study. Although it did not show blistering, it was found to

have a higher than expected hydrogen buildup.

The narrow annular spacing between the pressure and

calandria tubes in the CANDU design is maintained by supporting devices

called garter springs. One garter spring in the failed channel of

Pickering-2 appears either to have broken some time ago or to have been out

of position, allowing the hot pressure tube to sag against the cooler

calandria tube. Such contact would have caused local cooling in the

pressure tube; hydrogen migrates to cooler regions in zirconium alloys and

thus concentrated in this location. This preferential accumulation of

hydrogen is considered to be the causative mechanism for the pressure tube

failure. Selected additional fuel channels were then removed from

Pickering-2 for examination to assess how widespread the hydriding problem

had become.

Pickering-1 uses pressure tubes made of the same alloy

(known as Zircaloy 2) as Pickering-2 and Ontario Hydro became concerned

that a similar problem was developing in this unit. Consequently, on 14

November, Hydro shut down Unit 1 to remove four pressure tubes for

(3) The term "hydriding" in this context refers to the formation of
zirconium hydride in the pressure tube wall due to a chemical reaction
between zirconium and deuterium (a heavy isotope of hydrogen).
Zirconium hydride is brittle and has a larger volume than zirconium
metal, leading to blistering and cracking as hydrogen accumulates in
the tubing.
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inspection at Chalk River. Metal blistering and abnormally high levels of

zirconium hydride were discovered, although in lesser degrpp than

characterised the failed tube from Pickering-2. Additional fuel channels

were then removed from Unit 1 which also remains shut down.

The remaining reactor units at Pickering and the Bruce units

use pressure tubes manufactured from a zirconium-niobium alloy which has

greater mechanical strength, is more resistant to corrosion and absorbs

hydrogen at a slower rate than Zircaloy 2. Indeed, subsequent inspection

of a pressure tube removed from Pickering-3 has indicated that corre-

sponding hydride levels are about 50 times lower in the newer tubes.

Ontario Hydro and AECL formed a joint senior management

group to handle all aspects of the pressure tube studies. As the

investigation unfolded there was some hope that the utility could restart

Units 1 and 2 in 1984 after a limited replacement of the most affected

pressure tubes. While acknowledging that a complete retubing of both

reactor cores would have to be done earlier in the operating life of these

units than had been expected,(4) Hydro officials considered operating the

units for two years until mid-1986 before performing the major remedial

work. By that time it was thought likely that robctic systems could be

developed which would substantially shorten the time required for retubing

and lower radiation exposures to workers.

Concerned about the possibility of further pressure tube

failures during the two years and public reaction to such failures, Ontario

Hydro management reassessed the situation and decided in March 1984 to

proceed with a complete retubing. Because fully automated equipment was

not yet available for the job, the utility decontaminated the units to

lower radiation fields as much as possible before retubing, thereby

reducing the exposure of workers. Units 1 and 2 are expected to be back in

service by May 1987 and December 1987, respectively. The present price tag

on this operation is over $1 billion, covering the incremental cost of more

expensive replacement power and the cost of the retubing itself.

(4) For several years the problem of "creep", the elongation of the
pressure tubes during reactor operation, has been recognized. With
all CANDU designs it has always been intended to carry out retubing to
extend the operating life of the reactors.
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At the same time, a significant program to upgrade the

safety systems in these two reactors to a level comparable to those

employed in later reactors was undertaken.

Ontario Hydro was criticized for not heeding earlier

warnings of pressure tube problems. An internal research report of March

198? had raised the issue of hydrogen accumulation in the pressure tubes,

especially in units 1 and 2 where Zircaloy-2 was used. The report

recommended that selected tubes be pulled from these units as soon as

possible. Among the consequences which the report's authors suggested

might follow from not removing the tubes were the following:

Unplanned outages can be expected if hydride related
problems develop over the next few years.

Operation of tubes with low flaw tolerance under
certain conditions could also result. The consequences
of this could be tube rupture and obviously substantial
damage to the reactor core.(5)

The report noted that the safety of pressure tubes in CANDU reactors is

based on the "leak-before-break" concept: that is, a small flaw in the

pressure tube will extend slowly until it penetrates the tube wall and

coolant leakage will be detected before the flaw reaches a critical size

and propagates abruptly. One of the report's concerns was that hydrogen

accumulation might promote more severe flaws, causing abrupt failure at

operating pressures. In explaining their decision not to act on the

recommended removal of Pickering-1 and -2 pressure tubes for testing, Hydro

officials observed that other units had already experienced leaks and that

an examination of those problems had been accorded a higher priority.

Meanwhile, the problem with the garter spring in Pickering-2

led to the discovery of a number of misplaced springs at Bruce-6, delaying

the startup of this new unit for several months. As the new Pickering-6

reactor had already produced partial power, making examination of the fuel

channels more difficult, the utility will not inspect the springs at this

(5) Ontario Hydro, Research Division, A Review of Current Knowledge on the
Effects of Hydrogen on the Pressure Tubes of Ontario Hydro Operating
Reactors, Report No. 82-37-K, Technical Review Subcommittee of the
Hydrogen Ingress-Design and Evaluation Committee, Toronto, 2 March
1982, p. 24.
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unit immediately. It is possible that over the coming five to si* y.-.K-,,

Ontario Hydro will have to do remedial ,vork on the garter springs u< nil

its operating reactors.

D. Other Notable Nuclear Accidents!6)

The accident of Chernobyl is by far the worst nuclear

reactor accident in history, but it is far from being the only one. In

April 1986, an American report was released listing 151 significant nuclear

safety "incidents" with power, research and experimental reactors. Among

these, three stand out as involving actual or potential release of radio-

activity. They are: the 1957 accident at the Windscale plutoni^m

production reactor in the United Kingdom; the 1966 accident involving the

Fermi fast breeder reactor near Detroit, Michigan; and the Three-Miie

Island accident near Harrisburg, Pennsylvania in 1979. A major release of

radioactivity is also believed to have occurred in the Ural Mountains of

the USSR during 1957-58. Canada has not been without its om nuclear

accident - a partial core meltdown at Chalk River in 1952.

1. Chalk River - 1952

Accidental removal of four control rods at an experimental

nuclear power reactor at Chalk River, Ontario, led to a partial meltdown of

the reactor's uranium fuel core. A million gallons of radioactive water-

accumulated inside, but there were no accident-related injuries. Although

negligible in comparison with the 1986 Soviet accident, it was the first

known major malfunction of a nuclear power plant. (The earlier U.S.

accidents were in plutonium production reactors.)

2. The Urals - 1957 or 1958

There have been reports of a major accident in 1957 or 1958

which was claimed to have cost many lives and contaminated a wide area with

dangerous levels of radioactivity. The accident presumably occurred in the

(6) This section is primarily quoted from W. Donnelly et ai ., The Cherno-
byl Accident: Causes, Initial Effects and Congressional Response,
Congressional Research Service, Major Issue System, Brief #IB86077,
Appendix A, p. 1-2.
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region of Kyshtym, east of the Ural Mountains, the site of the first Soviet

plutonium production facility, started up in 1947.

Several U.S. studies have generally confirmed that a large

region east of Kyshtym is contaminated with radioactivity, that many

villages have been abandoned, and that vegetation in the region has

suffered considerable damage. The analyses challenged a report from a

Soviet emigre scientist, Zhores Medvedev, who in 1967 claimed radioactive

wastes there had been overheated by a "nuclear reaction" and had exploded

like a volcano. One of the U.S. reports, however, concluded that there was

no single cause for the spread of contamination. The best supposition, it

said, is that there were many releases of wastes into the river system over

time, plus an explosion in the fuel reprocessing plant at the site.

3. Windscale - 1957

In the 1950s, the British nuclear weapons program obtained

some of its plutonium from a small graphite-moderated, air-cooled produc-

tion reactor at Windscale. During routine servicing in 1957, some of the

graphite became so hot that some uranium feel and some graphite caught

fire. An estimated 20,000 curies of Iodine-131 were released, which fell

upon surrounding meadows and caused contamination of the milk supply.

There was no evacuation of residents, although use of milk from most of the

contaminated region was prohibited for 25 days, and from a few places for

44 days. A committee of Britain's Medical Research Council concluded that

it was highly unlikely any harm had been done to the health of anyone,

whether a worker at Windscale or a member of the general public.

4. The Fermi Reactor - 1966

The Enrico Fermi Atomic Power Plant at Lagoona Beach,

Michigan featured a small sodium-cooled, fast-breeder reactor with a

generating capacity of 61 MWe. On 5 October 1966, the fuel in two fuel

assemblies melted because of a coolant blockage. There were no injuries

and no release of radioactivity. The reactor was repaired and resumed

operation in October 1970, four years after the accident. It was finally

shut down in 1973. The accident attracted substantial attention because of

fears that the reactor vessel might be breached.
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5. Three-M^le Island - 1979

Without doubt, the most serious and most well publicized

nuclear power accident in the United States occurred in March 1979 at

Unit 2 of the Three-Mile Island Nuclear Station in Middletown, Pennsyl-

vania. The unit is a pressurized-water reactor with a capacity of

906 MWe. Because of equipment and procedural failures, the core of the

reactor became uncovered long enough for some fuel to melt. Radioactivity

escaped into the containment building, which held most of it, though some

escaped to cause minor contamination near the plant. There was no full-

scale evacuation, although the Governor of Pennsylvania did recommend that

pregnant women leave the area, and tens of thousands of people fled on

their own. Later, an interagency Ad Hoc Population Dose Assessment Group

concluded that the off-site collective dose resulting from the radioactive

release represented minimal risks of additional health effects to the

off-site population. Cleanup of the damaged core is not yet completed.

PARLIAMENTARY ACTION (FEDERAL)

The question of reactor safety per ̂ e has not been dealt

with by Parliament but it has in recent years considered matters relating

more generally to the safety of nuclear power development. None of these

parliamentary initiatives, which included legislation and committee

studies, were successfully concluded.

PARLIAMENTARY ACTION (ONTARIO)

The 14-member Select Committee on Ontario Hydro Affairs was

established by the Legislative Assembly of Ontario on 24 November 1977.

Included in its terms of reference was the authority to examine the safety

of nuclear generating stations in the Province. The Committee released an

interim report in December 1979 and its final report on "The Safety of

Ontario's Nuclear Reactors" in June 1980. While recogni2ing that "it is
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impossible to assure absolute safety in the operation of Ontario's nuclear

reactors", the report concluded:

...given the clear commitment of Ontario Hydro and
AECL to safety, the past safety record of the existing
reactors and the design mechanisms to limit the
consequences of possible accidents, the Committee found
that the chance of a very serious accident occurring in
any single reactor is extremely small and, on the basis
of the information considered to date, that the
reactors are, therefore, 'acceptably safe1. In so
doing, the Committee recognized fully that it was
making a political/societal judgement that the benefits
derived from nuclear reactors are worth the risks
incurred.(7)

The final report included 24 recommendations. Three of the Committee

Members, in a dissenting view, felt that the report was substantially

inadequate in its treatment of "acceptable safety". Five other Members

disagreed with a specific recommendation.

More recently, the Ontario Select Committee on Energy

recommended that an independent study of the safety of CANDU reactors be

undertaken by a team of international experts. In September 1986, the

government accepted this recommendation in principle and stated that the

members of the review panel and its terms of reference would be announced

later in the year. In December the province announced that Dr. Kenneth

Hare, Professor Emeritus in the Department oi Geography, University of

Toronto, would conduct a $1.5 million study on nuclear power safety. He is

expected to report his findings by the end of 1987.

CHRONOLOGY

29 February 1980 - The Ontario Royal Commission on Electric Power Planning
released its nine-volume final report, terminating an
investigation begun on 17 July 1975. A number of
recommendations dealt with the safety and reliability of
nuclear power generation in Ontario.

(7) Ontario, Legislative Assembly, Select Committee on Ontario Hydro
Affairs, Tha Safety of Ontario's Nuclear Reactors, Final Report, June
1980, p. 1-2.
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June 1980 - The Select Committee on Ontario Hydro Affairs of the
Legislative Assembly released its final report on "The
Safety of Ontario's Nuclear Reactors".

1 August 1983 - An abrupt pressure tube failure occurred at
Pickering-2. This was the first major failure in the
primary cooling system of a CANDU reactor. The unit
remains out of service pending reactor retubing.

Aug.-Nov. 1983 - Operating incidents caused reactor shutdown at
Pickering-1 (5 August), Pickering-5 (7 August), Douglas
Point (4 September), Bruce-3 (4 September), Bruce-2
(21 October), NPD (25 October), Bruce-1 (30 October) and
Pickering-5 (l November). With the exception of NPD,
all of these units subsequently returned to service.

14 November 1983 - Pickering-1 was shut down to examine its pressure tubes
for hydrogen buildup.

7 March 1984 - Ontario Hydro announced that Pickering Units 1 and 2
will undergo a complete r.ubing of their reactor cores.

26 April 1986 - An explosion and fire occurred at the Chernobyl
generating station in the USSR, releasing massive
amounts of radiation from the reactor core.

25 August 1986 - The International Atomic Energy Agency received and
hegan to review an official Soviet report on the causes
and effects of the Chernobyl accident. Gross human
negligence was cited as the cause.

September 1986 - Canada signed two international conventions concerning
nuclear safety. The first convention provides for early
notification and information about nuclear accidents and
the second commits signatories to help other nations
which suffer a nuclear accident.

May 1987 - Pickering 1 is expected to return to service.

December 1987 - Pickering 2 is expected to return to service.
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