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INTRODUCTION

This paper deals with the evolution of reactor safety principles, design
bases, regulatory requirements, and experience in the United States The
emphasis is on power reactor safety, although much of the earlier experi-
ence was gained with reactors that generated thermal power, but not
useful electrical energy.
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effectively isolate the radioactive substances and their radiation from
the people. Fotential pathways to exposure must be reliably interdicted,
and in addition must be monitored to confirm that no neglected or unfor-
seen mechanisms or equipment failure allows significant exposures to
occur. The vigilance required to ensure radioactivity control is a major
effort lasting the entire life of the project, from design through opera-
tion to final decommissioning. It demands adequate human and technical
resources to be devoted to all aspects of safety, and it also demands a
high order of attention in both government regulatory agencies and elec-
trical utilities to maintain public safety.

EVOLUTION OF SAFETY CONCERNS

The safety concerns emphasized by the early workers and reviewers were
naturally focussed on those characteristics of the nuclear reactors that
distinguished them from other machines of comparable complexity.

These included precautions related to radioactivity in effluents, radia-
tion shielding requirements, and the unique dynamic characteristics of
the nuclear reactor - its exponential kinetics, the xenon instability,
and decay heat.

Routine releases of radioactive substances

The necessity for controlling the radioactivity in the various fluid
effluents from a power reactor has been recognized from the beginning.
The accompanying paper by Mason, ejfc §_]_., reviews the development of
requirements in this area. Equipment must be provided to decontaminate
the fluids to be released. The radioactive materials thus removed must
be safely stored and then safely disposed of. Measuring programs, in
both the fluid streams at the plant and the environment, must be insti-
tuted to monitor the effectiveness of the cleanup process and to confirm
that the residual radioactivity released is within acceptable limits.

In some early nuclear power plants, effluent treatment systems were a
problem. The quantities of fluids to be processed greatly exceeded the
quantities predicted when the systems were designed, leading to inade-
quate capacity and the necessity for storing large quantities of fluids
awaiting processing. In some cases, fuel failures during operation
caused the radioactivity concentration of the fluids to be higher than
anticipated. The operating characteristics of some systems did not
achieve their design goals. Human errors and system inadequacies con-
tributed to releases greater than anticipated, although no serious
public hazard resulted. As a result of these experiences, system designs
were upgraded substantially. The evolution of system performance criteria
has also led to the need for upgrading effluent processing systems. The
hypothesis that radiation effects on living organisms are proportional
to the dose received has led to the principle of maintaining such dnses
"as low as practicable." In practice, this has resulted in requirements
to reduce dose rates to values that are a small fraction of those from
natural radioactivity and cosmic radiation.

The present stringent requirements to maintain effluent radioactivity at
very low levels, together with earlier experience with effluent treatment
systems, has resulted in the provision of elaborate systems of high
capacity and high decontamination factor on today's plants. The success
of this program is confirmed by the low measured radioactivity in the
effluent streams and the environs of U.S. nuclear power plants, and by
the general diminishing of public concern over routine releases.
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Reactor excursions

The exponential kinetic behavior of the nuclear reactor is well under-
stood theoretically and has been studied experimentally in a wide variety
of tests. Although the first large reactors were quite tame, the evolu-
tion toward shorter neutron lifetimes raised the possibility of fast
runaway excursions. The advent of light-water moderated thermal-neutron
reactors with lifetimes in the 10-to-100 microsecond range, capable of
excursions with doubling times of a few milliseconds, elicited develop-
ment programs to cope with this safety problem. Greatly increased
emphasis was placed on reactor system dynamics and inherent feedback
mechanisms, and on the performance and reliability of reactor protection
systems. New instrumentation systems were developed, some of them cap-
able of initiating a shutdown in a few milliseconds. Control elements
and latches with comparable performance were designed. Typically, the
safety requirements were based on a postulated withdrawal of one or more
control rods, initiated by control failure or human error.

An effort was initiated to develop a "reactor fuse" - a concept, never
realized, of a simple device that would decrease reactivity automatically,
without elaborate instruments or mechanical devices, upon an abnormal
reactor power increase.

A concomitant program of theoretical and experimental investigation of
reactivity transients was carried out. The BORAX and SPERT experiments
involved intentional short-period excursions and investigated both the
feedback mechanisms that tend to limit such excursions and their destruc-
tive potential.

In today's reactors, the negative fuel temperature coefficient of reacti-
vity provides prompt negative feedback that tends to limit power excur-
sions. Thus while the "reactor fuse" is not a reality, the inherent
characteristics of the core provide an equivalent function, so that
millisecond response of the reactor protection system is not needed.

Early reactor experiences

Experience with early production, test, and power reactors showed a
tendency to confirm the early concern with reactivity transients, but
also raised additional issues not associated with such transients.

The destruction in 1960 of the SL-1» a small demonstration power reactor,
was caused by a reactivity transient. The safety lessons of this event
were manifold - the need to avoid manual control rod withdrawal, the need
for adequate shutdown reactivity margin, the need to allow for human
error, the need to limit reactivity addition rate - and the confirmation
of the possibility of distinctive reactivity transients. The importance
of management attention to safety during reactor design and operation was
also irade evident by this accident.

Other events during this period were also related to reactivity. The
EBR-1 meltdown was caused by operation under conditions where positive
reactivity feedback coefficients produced dynamic instability. The HTRE-
3 core was destroyed by transient overpower caused by inadequate control
and safety instrumentation. "fhs NRX core had-to be replaced following an
overpov:er transient involving design deficiencies arid incorrect manipula-
tion of control rods.

A number of other significant events did not involve reactivity transients.
Several reactors -- MTR, ETR, ORR, Fermi, SRE — experienced raiting of
one or a few fuel elements as a result of local flow starvation. Unantic-
ipated power distribution anomalies contributed to overheated fuel in the
Hanford production reactors, end, in England, resulted in serious core
damaçe in the Windscale reactor. The:--; nenreactivit;v, nor.excjrsicn
events exemplified the i^port^nce of thr heat ra'-".-:z) half cv r e hear-
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generation/heat-removal power balance in a reactor core. Unbalance can
be caused by overpower or undercooling. Local conditions must be con-
sidered as well as core averages.

The importance of human error was becoming apparent as a result of operat-
ing experience. Design mistakes were contributing factors in the SL-1,
HTRE-3, NRX, and Windscale events. Operating mistakes contributed to
many events, especially EBR-1, NRX, SL-1s Hanford.

Design basis accidents and containment

The early reactors were approved on the basis of remote sites, relatively
low power or power density, and the ability to withstand some core melting.
The later trend toward large power reactors at more densely populated
sites somewhat nearer to load centers required a change in emphasis in
safety design. The kinds of postulated accidents that were used for
safety evaluations of small reactors produced serious calculated con-
sequences in the proposed large machines. As a result, engineered safety
features were devised to prevent accidents or to mitigate their con-
sequences. In addition, the high pressures required in light-water power
reactors introduced the potential for sudden rupture of the primary
system. This led to the emphasis on containment, as the predominant
engineered safety feature. The high-pressure primary system is enclosed
within a low-leakage containment structure that can withstand the blow-
down from a postulated primary system rupture. Other engineered safety
functions in light water reactors (beside reactor shutdown and containment)
include decay heat removal », post-accident radioactivity cleanup, and
furnishing reliable power to all these systems.

More recently, other postulated events have been considered in the safety
design basis. Table I lists the spectrum of design basis accidents
presently used for safety assessment of light water reactors in the
United States. The various postulated initiating events lead to reactiv-
ity transients (core overpower) or core undercooling, or both. For each,
mitigating systems must be provided so that the calculated consequences
are within acceptance guidelines.

Table II lists various potential external events that must also be con-
sidered. Inclusion of events in this list in the reactor design basis
depends on their frequency of occurrence at the particular site under
consideration.

Effect of recent experience

In the past few years, the population of operating large light water
power reactors in the United States has increased rapidly to its present
value of 53. In an accompanying paper, V. Stello has reviewed this
experience; the reader is referred to that discussion for details.

None of the severe design-basis events postulated for safety assessment
has actually occurred. This is not very surprising. They were chosen
because they were believed to be limiting low-frequency events. Their
not happening in a few hundred reactor-years is therefore to be expected.
Indeed, if a limiting event had occurred, we v/O'jld have to wonder whether
a more severe, more "limiting" event should be brought into use as a new
design basis. On the other hand, the present experience is not suf-
ficient to give actuarial evidence of the low frequency of the present
design basis events, and one must rely for that on indirect evidence such
as in the Reactor Safety Study.
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This does not mean that operation has been trouble-free or that no safety
lessons have been learned. Quite the contrary: a number of problems
have been experienced with potential for raising safety issues not
included in the spectrum of design basis accidents.

The performance of the fuel has caused problems. Manufacturing
errors (for example, residual moisture leading to hydriding of
cladding, inclusion of oxide pellets of incorrect enrichment
and unanticipated phenomena (for example, athermal oxide
densification, pellet-cladding interaction) have required
restrictions on operation and caused premature cladding failure.

Unexpected vibrations have caused cracks in steam generator
tubes and fuel element channel boxes, and oscillation of a core
barrel.

Operating errors have led to repeated primary system overpres-
surization during shutdown and startup. Procedural and operat-
ing errors were involved in the initiation of the Browns Ferry
fire, and design deficiencies caused the unavailability of
redundant safety equipment as a result of the fire.

While none of these events has resulted in any public hazard, there is an
evident disparity between the rare, severe events nypothesized for safety
assessment and the events actually experienced. As stated earlier, this
disparity is to be expected. The spectrum of rare, severe design basis
events is intended to embrace, and provide margin for, the less severe
and rather different events that actually occur. The design-basis events
emphasize sudden major equipment failure; experience points to the impor-
tance of the performance of equipment and people. The problems revealed
by experience also show the importance of making the detailed design of
the plant to accord in every respect with the plant design basis and the
assumptions and parameters used in the plant safety assessment. Also, it
seems clear that the plant must be constructed in accord with the design.
Finally, the operation must be executed consistent with the design and
with an aggressive program to maintain the level of safety and perform-
ance originally intended.

The experience shows the importance of defense-in-depth and the provisions
of margins in the design for unexpected and unknown phenomena. While the
problems experienced have in some cases encroached on the margins originally
provided, major loss of generating capacity has not been occasioned by
necessary revision of safety requirements in the light of the experience.
(The Browns Ferry fire did require outages of over a year for two 1100
HWe units to repair fire damage and install improved fire protection
systems).

EVOLUTION OF. SAFETY UNDERSTANDING

The discussions in the preceding sections illustrate the evolution of
safety concerns over the years, from reactivity transients and shutdown
systems to blowdowns and containment, to severe design basis accidents
and mitigating systems, to the performance of actual materials, systems
and humans. The primary safety concerns of one'epoch have been super-
seded in considerable measure by those of later times. Successive
plateaus of technical understanding are achieved by solutions being found
to earlier problems. Design studies, research, operating experience, and
regulatory imperatives all contribute to the increased understanding and
thus to the safety improvements adopted and accepted.
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The author suggests in this connection that the safety concerns and
problems of the future arc not likely to be those now occupying the
attention of the nuclear community and the knowledgeable public. The
present problems will be resolved, but new ones are likely to arise in
further experience, additional research, and design improvements.

SAFETY CONTRIBUTION OF REGULATORY ASSESSMENT

The question naturally arises regarding the value of a regulatory assess-
ment program such as the one carried on by the author and his colleagues
in the United States. Of the cost of s itch a program there can be no
doubt. The 2500 government employees and $2C0-million plus annual govern-
ment direct cost (including safety research) in the U.S. is overshadowed
by the increment in the cost of the power plants necessitated by regula-
tory requirements. The taxpaying public pays the direct cost of the
government regulatory program; the public must also pay the increased
cost of electricity that results.

No reasonable or feasible regulatory program can single-handedly achieve
public safety. The designers, constructors, and operators of nuclear
power plants are the only people who can do that. The regulatory program
audits and assesses the persons who do the actuel work and their product.

An initial benefit obtained from a regulatory program arises from its
existence. The knowledge on the part of the designer, builder, or operator
that his work will be audited by a competent independent reviewer will
elicit from him at least a good record of the work done.
A good regulatory program can do much more. The Government regulator is
in a position to articulate national - even worldwide - safety goals and
to translate these into licensing requirements. Interaction with other
national goals, for example, energy development and conservation policy,
is traditionally carried out in the governmental framework. The regulator
is in a favorable position to assess the relative importance of competing
or even conflicting requirements, and to allocate resources to problems
in accordance with safety priorities. The Reactor Safety Study, the
subject of an accompanying paper by S. Levine, et_ al_, has provided new
methodology and new information that should provide highly useful in
establishing safety priorities.

The inspection function within the regulatory program also enhances
safety. As for other aspects of the regulatory program, government
inspectors in the United States are practically limited to auditing,
assessing, and spot-checking the actual work of designing, constructing,
and operating the plant.- The safety advantages of this audit process are
those of a second, independent look at the procedures and the people as
well as the work product. Neither materials nor human beings are flaw-
less. Mistakes will be made; that is why defense-in-depth and safety
margins are provided. The inspection should enhance safety by decreasing
the frequency of uncorrected mistakes.

The success of a regulatory program depends on the technical competence,
independence, responsiveness to national goals, and good management of
the people involved. It also depends upon the technical competence and
good management of the organizations being regulated. The author believes
strongly that the experience cited in this paper and elsewhere shows
conclusively the need for such technical and managerial competence and
attention. A nuclear power plant has been found not to be just another
generator with a new and peculiar type of steam supply boiler. Experience
with such an approach has on occasion yielded less than satisfactory
economy and availability of electric power from this source, and has in
some cases led also to significantly safety problems. By contrast,
organizations with technically competent cadres (and consultants) and
aggressive management policies have experienced success in economical and
safe operation.
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CONCLUSION

Safety requirements have been involved in an evolutionary process during
the entire^development of nuclear reactors and nuclear power, ^gulatory
reviews, research, and operating experience have articulated additional
saf°tv concerns, resulting in new regulatory requirements. The concomi-
tant improvident in safety with time, and the ability of existing reacxors
to operate safely in the face of new concerns, has «nfirmed the Mrrect-
ness and usefulness of the defense-in-depth approach and safety margins
used in safety design in the United States.

TABLE I

DESIGN BASIS INTERNAL INITIATING EVENTS

1. Increase in Heat Removal by the Secondary System •

1.1 Feedwater system malfunctions that result in a decrease in
feed-water temperature

1.2 Feedwater system malfunctions that result in an increase in
feed-water flow

1.3 Steam pressure regulator malfunction or failure that results in
increasing steam flow

1.4 Inadvertent opening of a steam generator relief or safety valve
1.5 Spectrum of steam system piping failures inside and outside of

containment in a PWR

2. Decrease in Heat Removal by the Secondary System

2.1 Steam pressure regulator malfunction or failure that results in
decreasing steam flow

2.2 Loss of external electric load
2.3 Turbine trip (stop valve closure)
2.4 Inadvertent closure of main steam isolation valves
2.5 Loss of condenser vacuum
2.6 Coincident loss of onsite and external (offsite) a.c. power to

the station
2.7 Loss of normal feedwater flow
2.8 Feedwater piping break

3. Decrease in Reactor Coolant System Flow Rate

3.1 Single and multiple reactor coolant pump trips
3.2 BWR recirculation loop controller malfunctions that result in

decreasing flow rate
3.3 Reactor coolant pump shaft seizure -
3.4 Reactor coolant pump shaft break

4. Reactivity and Power Distribution Anomalies

4.1 Uncontrolled control rod assembly withdrawal from a subcritical
or low power startup condition (assuming the most unfavorable
reactivity conditions of the core and reactor coolant system),
including control rod or temporary control device removal error
during refueling

4.2 Uncontrolled control rod assembly withdrawal at the particular
power level (assuming the most unfavorable reactivity condi-
tions of the core and reactor coolent system) that yields the
most severe results (low power to full power)
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4.3 Control rod mal operation (system malfunction or operator
error), including maloperation of part length control rods

4.4 Startup of an inactive reactor coolant loop or recirculating
loop at an incorrect temperature

4.5 A malfunction or failure of the flow controller in a BWR loop
that results in an increased reactor coolant flow rate

4.6 Chemical and volume control system malfunction that results in
a decrease in the boron concentration in the reactor coolant of
a PWR

4.7 Inadvertent loading and operation of a fuel assembly in an
improper position

4.8 Spectrum of rod ejection accidents in a PWR
4.9 Spectrum of rod drop accidents in a BWR

5. Increase in Reactor Coolant Inventory

5.1 Inadvertent operation of ECCS during pover operation
5.2 Chemical and volume control system malfunction (or operator

error) that increases reactor coolant inventory
5.3 A number of BWR transients, including items 2.1 through 2.6 and

item 1.2.

6. Decrease in Reactor Coolant Inventory

6.1 Inadvertent opening of a pressurizer safety or relief valve in
a PWR or a safety or relief valve in a BWR

6.2 Break in instrument line or other lines from reactor coolant
pressure boundary that penetrate containment

6.3 Steam generator tube failure
6.4 Spectrum of BWR steam system piping failures outside of con-

tainment
6.5 Loss-of-coolant accidents resulting from the spectrum of pos-

tulated piping breaks within the reactor coolant pressure
boundary, including steam line breaks inside of containment in
a BWR

6.6 A number of BUR transients, including items 2.7, 2.8, and 1.3.

7. Radioactive Release from a Subsystem or Component

7.1 Radioactive gas waste system leak or failure
7.2 Radioactive liquid waste system leak or failure
7.3 Postulated radioactive releases due to liquid tank failures
7.4 Design basis fuel handling accidents
7.5 Spent fuel cask drop accidents

8. Anticipated Transients VJithout Scram

8.1 Inadvertent control rod withdrawal
8.2 Loss of feedwater
8.3 Loss of a.c. power
8.4 Loss of electrical load
8.5 Loss of condenser vacuum
8.6 Turbine trip
8.7 Closure of main steam line isolation valves
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TABLE II

DESIGN BASIS EXTERNAL INITIATING EVENTS

Accidents Originating in Nearby Manmade F a c i l i t i e s

1.1 Explosions
1.2 Flammable vapor clouds
1.3 Toxic chemicals
1.4 Fires
1.5 Collisions (Aircraft, Barge)
1.6 Liquid Spills

Floods ' '

2.1 Runoff floods, storms
2.2 Surges, Seiches, Waves, Tsunamis
2.3 Dam failures, land slides
2.4 Ice jams

Lack of Water

3.1 Drought
3.2 Diversion

3.3 Dam and embankment failures, landslides

Tornado

Earthquake

5.1 Vibratory motion
5.2 Surface faulting
5.3 Liquefaction


