
Report to the American Physical Society by the study
group on light-water reactor safety*

The issue of light-water reactor (LWR) safety has been the subject of a part-time, year-long study
sponsored by the American Physical Society. The goal of the study was the assessment of some of the
technical aspects of the safety of large light-water nuclear power reactors typical of present commercial
practice in the Unted States. The report examines issues related to safe operation of LWRs; the research
and development program responsible for establishing and enhancing safety; and the consequences of
accidents for public health and welfare. The report in no way deals with the need for nuclear power or its
benefits, and should not be considered as a net assessment of the risks versus the benefits of nuclear
reactors. Since the risks of ecological impacts of other energy technologies are not addressed, no
recommendations are made concerning the specific reactor program which should be followed in the
immediate future. Among the areas covered in the report are primary pressure-vessel integrity; quality
assurance; accident initiation from operator error, transients, and sabotage; the adequacy of present
emergency core-cooling system designs; the calculation of long-term consequences to health of one
particular low-probability accidental release of radioactivity; and the experimental and calculational
(computer-code-development) aspects of the present reactor safety research program. A number of
recommendations are contained with the report, mainly addressed to ways in which the safety of the
present LWRs can be improved or better understood.
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FOREWORD AND ACKNQWLEDGIVIENTS

The American Physical Society has engaged over the
past few years in activities beyond those traditional for
the Society. In 1973 the Society explored mechanisms
by which it could contribute to the alleviation of the en-
ergy crisis. In addition to other activities, it was de-
cided to sponsor a study of reactor safety, an important
subject with substantial scientific and technological con-
tent. This is the report of that year-long study by a
dozen part-time participants with various levels of prior
experience in the reactor field. The group met in Los
Alamos during the month of August, 1974, and also had
approximately a dozen two-day meetings, many phone
calls, and much correspondence.

The group is grateful to all the genuine experts who
gave liberally of their time in educating us about this
intricate subject. In turn, we hope that our report will
help inform the scientific and technical community about
some of the technical issues of reactor safety.

We particularly acknowledge the contributions of
S. Johnson, G. Brockett, and P. Davis, who served as
consultants and who provided continuing support to our
study. Their patient exposition of the fine points of re-
actor design, operation, and regulation was invaluable.

We also particularly acknowledge the contributions of
D. H. Coward, who helped organize the group, and of
H. A. Bethe, W. K. H. Panofsky, and V. F. Weisskopf,
who served as the APS Council Review Committee.

The cooperation of the reactor community and of ex-
perts in related fields such as biological effects of radia-
tion was outstanding, and we acknowledge the help of the
many representatives of the vendors, reactor designers,
safety analysts, and others who provided us with infor-
mation. In particular, members of the staffs of the
AEC' Division of Reactor Safety Research and of the
AEC Cffice of Regulation gave willingly of their
time and resources; the individuals involved are too
numerous to mention by name. Also, the group is grate-
ful for briefings and cooperation from all four American
vendors of light-water reactors: Babcock 6 Wilcox,
Combustion Engineering, General Electric, and Westing-
house. It is fair to say that we do not feel that we have
been excluded from any information necessary to our
task. '

We were fortunate that early in our study we were
given copies in preliminary draft of the AEC-sponsored
study of reactor safety (chaired by Professor Norman
Rasmussen of M.E.T., and known as WASH —1400).
WASH-1400 is a detailed event-tree and fault-tree anal-
ysis of light-water reactor accident sequences. Its pur-
pose was to make a quantitative estimate of the likeli-
hood of accident consequences of a given severity. We
did not undertake a review of that study as such, al-
though it will be mentioned frequently in our report.

The gracious hospitality of the Los Alamos Scientific
Laboratory and the administrative assistance of the
staff of the American Physical Society are also acknowl-
edged. This study was supported by the National Science
Foundation and the U. S. Atomic Energy Commission.

The study participants have all agreed on both the
broad conclusions and the more detailed individual rec-
ommendations contained in the body of the report. We
believe this is significant in view of the diverse back-
grounds of the group. Our individual technical expertise
ranges widely, covering theoretical and experimental
physics, chemistry, and engineering. While a few of
the group had some background in reactor safety, the
majority of the group had not previously considered these
issues. Some of the group had participated in previous
technical assessments of broad national issues; for sev-

~Since this work was begun the Atomic Energy Commission
has been split in two parts: the Energy Research and Develop-
ment Administration (ERDA) and the Nuclear Regulatory Com-
mission (NRC), and the exact distribution between ERDA and
NRC of the responsibility that formerly resided in the AEC is
still not clear. For this reason we have referred throughout
the report to the AEC with the understanding that the reader
will interpret all forward-looking references to the AEC as
really directed to the relevant components of ERDA or NRC.

There is one exception. Early in our study we became inter-
ested in the safety record (in particular primary system integ-
rity) of naval reactors, which, though smaller, have accumu-
lated more reactor years of service than have the civilian re-
actors of comparable design. We made a major effort to ob-
tain sufficient information, with due regard for questions of
classification and national security, to help us in our study.
We were refused any access by Admiral H. G. Rickover.
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eral others, this study was a first experience. We are
pleased with the degree of consensus that we have
achieved, albeit regretful that more time was not avail-
able for further investigation of some of the important
issues involved.

I. SUMMARY OF CONCLUSIONS AND MAJOR
R ECOIVlMENDATI ONS

A central issue in the operation of light-water reactors
is the prevention of a major release and widespread dis-
persal of radioactivity, which could have serious conse-
quences to the public. The safety record of light-water
reactors to date has been excellent, in that there has
been no major release of radioactivity. These reactors
have been designed with numerous safety features,
engineered to prevent foreseeable accidents. These
safety features are backed up by other safety features
intended to prevent major release of radioactivity in the
event of an accident. Moreover, very conscientious ef-
forts have been made in developing the procedures and
practices involved in licensing, quality assurance, oper-
ation, and inspection of these reactors to insure sound
construction and operation within specified safety limits.

In the course of this study, we have not uncovered rea-
sons for substantial short-range concern regarding risk
of accidents in light-water reactors. While at present a
complete quantitative assessment of all important aspects
of reactor safety and behavior under unusual circum-
stances cannot be made, we are confident that a much
better quantitative evaluation and consequent improve-
ments of the safety situation can be achieved over the
next decade if certain aspects of the safety research pro-
gram are substantially improved and the results of the
research are implemented. Because of the serious po-
tential consequences of a major release of radioactivity,
and in view of existing safety-related technological oppor-
tunities, we believe that there should be a continuing
major effort to improve light-water reactor safety as
well as to understand and mitigate the consequences of
possible accidents. Our recommendations are directed
towards these objectives.

A. Safety through careful design, construction, and
operation

The safety philosophy of the nuclear industry has em-
phasized design which can provide tolerance against mal-
functions. This approach has laid a good foundation for
reactor safety, and it has resulted in reactors designed,
constructed, and operated for safety, not only under nor-
mal operating conditions but also in a wide range of ab-
normal circumstances. A great deal of research, devel-
opment, and quality control has gone into guaranteeing
the integrity of the fuel elements and cladding, the integ-
rity of the enclosing primary system, the general struc-
tural soundness of the entire reactor, and the ability to
control the reactor under both normal and abnormal con-
ditions.

Although we have not been able to analyze all of the

many possible failure sequences for light-water reactors,
one which we have studied in detail is the possible failure
of the integrity of the primary reactor pressure vessel.
We find that reactor vessels are constructed of materials
chosen with care and are designed with substantial safety
factors. The reactor vessel is subject to careful scru-
tiny and testing. Based on our study, we believe that
catastrophic rupture of the primary pressure vessel is
not likely to be an important contributor to accident ini-
tiation; however, this is dependent upon maintaining a
strong quality assurance program.

Primary system piping is also subject to careful scru-
tiny and testing. The well-known cases of cracks inpipes
a.nd failures of valves in reactor operation, on the one
hand, reflect deficiencies in fabrication or design; but,
on the other hand, they demonstrate the success of the
overall safety system and procedures which identified
their existence early enough to prevent more serious
consequences. Continued open discussion and analysis
of such failures can lead to improvements in safety and
can provide the data base for a more accurate estimate
of the probability of more serious incidents. These de-
fects underline the ongoing need for the nuclear industry
and the regulatory bodies to continue improvement of in-
spection and test techniques. It is important that licens-
ing and regulation be conducted in such a. way as to con-
tinue to ensure openness in the quality assurance pro-
gram and to provide better-quantified evaluation of the
success of the program. We also note that each year
human error on the part of reactor operators seems to
i.nitiate or aggravate at least a few incidents of potential
safety significance. In fact, unless diligence is main-
tained, quality assurarice and human error may well rep-
resent a limiting factor in maintaining safe operation.

It is difficult to quantify accurately the probability that
any accident-initiating event might occur. Many aspects
need to be better understood through experience and re-
search before such calculations are tractable. Although
the probabilities of major accidents seem small, their
quantification deserves more attention within the reactor
safety community than it has received up to now. We did
not have the resources to carry out an independent eval-
uation of this aspect of the recent AEC Reactor Safety
Study (Draft WASH-1400), but we recognize that the
event-tree and fault-tree approach can have merit in
highlighting relative strengths and weaknesses of reactor
systems, particularly through comparison of different
sequences of reactor behavior. However, based on our
experience with problems of this nature involving very
low probabilities, we do not now have confidence in the
presently calculated absolute values of the probabilities
of the var ious branches.

We have reservations about the present almost exclu-
sive emphasis in the licensing process on the "design
basis accident" concept in which certain highly stylized
accidents are used as yardstieks against which the per-
formance of various systems is evaluated. While we
agree that analysis of such acci:dents is an important
check upon the-general safety of reactor designs, we are
concerned that other types of possible accidents may
consequently receive insufficient attention in design, con-
struction, licensing, and operation.
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B. Primary engineered safety features

In our study we centered much attention on the "engi-
neered safety features. " Because these features are not
used in normal operation but are specifically intended. to
prevent an abnormal incident from becoming an accident,
there is only limited operating experience with them. In
addition, because of the complexity of the phenomena in-
volved, these features are very difficult to simulate on a
computer or to test in simulated accident conditions.
Therefore, there is a lack of well-quantified understand-
ing of the performance of some of these special systems
under some severe accident conditions.

One of the most important of the engineered safety fea-
tures is the fast-acting SCRAM' system for shuttingdown
the, chain reaction in the event of an emergency. Cer-
tain transients which are anticipated to occur from time
to time (pressure, temperature, reactivity) might play
an important role in accident initiation. It is very im-
portant to shut down the chain reaction during a large
transient. While the SCRAM designs, as now prescribed,
seem to us to be highly reliable, not enough is known
about the effects of transients in the extremely unlikely
event that the reactor does not SCRAM. We believe that
insufficient attention has been given to the analysis of
transients, although it is encouraging that these areas Rre
now being given intensive study. In addition, we are con-
cerned about transient behavior which Inight occur simul-
taneously with a massive electrical failure. While there
are redundant off-site power sources, the emergency
on-site (diesel) power sources are a recognized weak
point.

The emergency core cooling system (ECCS) is the engi-
neered safety feature that has received the most publicity,
attention, and research. The ECCS is intended to provide
emergency cooling to present the reactor fuel from melt-
ing or losing structural integrity in the event there is a
loss of primary system fluid.

We have no reason to doubt that the ECCS will function
as designed under most circumstances requiring its use.
However, no comprehensive, thoroughly quantitative
basis now exists for evaluating ECCS performance, be-
cause of inadequacies in the present data base and calcu-
lational codes. In addition, it is not clear that the present
approximate calculations, even though based on generally
conservative detailed assumptions, will in. all cases yield
conservative assessments of ECCS performance.

We have examined the AEC reactor safety research
program intended to resolve these uncertainties. Ex-
panded experimental tests and advanced calculational
code development are now under way, with the goal of ac-
complishing a sufficient quantitative comparison between
calculation and experiment so that the technical commu-
nity can reach consensus on ECCS effectiveness. That
consensus can only be reached through several years of
effort, using improved research techniques, and with

SCRAM is not in fact an acronym. Although its precise or-
igins are shrouded in mystery, it seems to have come into use
as a term for emergency shutdown, procedure around 1942, at
the first reactor built by the University of Chicago. As the
name implies, the re~ctor personnel who shut down the chain
reaction were also to get out as quickly as possible.

more open publication and review of the results. We
doubt that a complete quantitative evaluation of ECCS ef-
fectiveness can be achieved through the present program.
We recommend below several possible approaches for
improvement.

C. Accident containment and consequences

The last line of defense in preventing or mitigating the
release of radioactivity is a further set of engineered
safety features designed as a backstop in case of signif-
icant failure of the safety features discussed above. The
greater pRrt of this IRst sRfety umbrellR ls the contain-
ment machinery and building which enclose the entire
reactor primary system. These containments, which
have worked well in controlling routine and minor radio-
active emissions, have not yet been subjected to test by a
large-scale controlled or accidental release. More re-
search toward increasing the effectiveness of containment
devices would be prudent, along with more vigorous pur-
suit of the possibilities for major improvements in con-
tainment design.

Although a major release of radioactivity isunlikely, it
is important to calculate the types and extent of conse-
quences of releases under various circumstances. We
have found that these calculations are very difficult.
There are significant uncertainties in nearly every cat-
egory of potential consequences: immediate deaths, la-
tent cancers, and property damage/denial. We have made
no independent studies of acute effects, the estimates of
which are particularly dependent upon details of local sit-
ing, weather, and population, and upon important uncer-
tainties in acute biological effects of radiation. However,
for the same releases and the same basic references for
the biological effects as taken in Draft WASH-1400, we
estimate substantially larger long-term consequences,
particularly concerning land damage jdenial and possible
latent cancers from exposures to individuals who live in
areas which are contaminated below the evacuation thresh-
olds used in Draft WASH-1400. 4 The social significance
of the long-term consequences depends in part upon the
probability of the assumed release, regarding which we
have made no independent assessment. However, the un-
certainties in estimates of consequences need to be re-
solved because they have important implications in reac-
tor design, siting policy, and protection against potential
sabotage. In analyzing the societal risk-benefit balance
of commercial nuclear reactors, one must be able to es-
timate with reasonable confidence both the probability and
consequences of system failure; research must continue
on both.

Considering the great social importance of reactor safety
and the large present and future capital investment in
light-water reactors, the current funding of safety re-
search is relatively small. We believe that the many
technological opportunities for the enhancement of reactor
safety warrant the investment of additional funds in safety
research.

We understand that substantial revisions are being consid-
ered before publication of the final WASH —1400 report (private
communication, NRC, 17 March 1976)-
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D. IVlajor recommendations

Many recommendations are made in thebody of this Re-
port. A few of the major ones are summarized here, but
in each case the reader is referred to the main text for
detailed discussions of the background and rationale.
Qur major recommendations, which have not been ranked
according to their importance, include the following-:

(1) Human engineering of reactor controls, which might
significantly reduce the chance of operator errors, should
be improved. We also encourage the automation of more
control functions and increased operator training with
simulators, especially in accident-simulation mode.

(2) Measures should be taken to quantify the effective-
ness of the present quality assurance program, using both
the analysis of experience already reported and new mea-
surements on the quality assurance system.

(3) The techniques used in Draft WASH-1400 for the
calculation of accident sequences and their probabilities
should be:

e employed to estimate quantitatively whether as-
sumed subsystem failure data are compatible with the ob-
served individual small accidents;

e used to provide parametric studies of the effects of
phenomena which are ill-understood in the identified se-
quences;

refined so that they can be used for continuing risk
assessment on a routine basis with a growing data base
of failure data.

(4) The Draft WASH-1400 analysis of accident conse-
quences should be redone taking into account the modifi-
cations discussed in our report, in order to obtain cor-
rected consequence estimates. The results will help to
determine the magnitude of the benefits which might be
obtained from the introductions of design changes and
means of mitigation of accident consequences.

(5) The problem of sabotage and its effect on increas-
ing the risk of radioactivity release should be studied
carefully. We have no way of estimating the present like-
lihood of sabotage; however, we believe that reactor se-
curity can be improved and have specific recommenda-
tions for studies that go beyond those already underway.

(6) The ECCS safety margin should be quantified, and
if necessary, improved through one or more of the fol-
lowing approaches:

~ the substitution of more easily analyzable or more
effective EPICS concepts;

~ a much stronger theoretical and calculational de-
velopment effort combined with a much improved experi-
mental program, the results of which must be published
openly for evaluation by the technical community;

~ a series of large-scale experiments along with
some standardization of reactors. Detailed planning and
analysis for this approach should begin immediately in
case it should be decided in the future that it is needed.
There should be increased emphasis on realistic calcula-
tions and experiments as opposed to those which merely
attempt to set upper limits on the behavior of a reactor
in an accident. In view of the number of reactors now
operating and being planned, we believe it is important
that the reactor safety research program quickly take
major steps to bring about a convincing resolution of the
uncertainties in EECS performance.

(7) In the area of safety research, more emphasis
should be placed on seeking improvements in containment
methods and technology. In particular, controlled vent-
ing of the containment building in case of overpressure
should be studied. A careful assessment should also be
made of the benefits and costs of alternative siting pol-
icies, such as remote, underground, and nuclear-park
siting.

(8) There should be more effort to resolve major un-
certainties in estimating consequences, including im-
provement of the biological-effects data base. Techniques
for mitigation of consequences should be developed, es-
pecially in connection with the problems of decontamina-
tion after a large accident.

(9) While we strongly endorse the substantial improve-
ments that have been made in the safety research pro-
grams and in the openness to scrutiny by the technical
public in the last two years, additional measures should
be taken to continue to improve the research program
and techniques and to assure that the results of both ex-
perimental and computer code development work related
to safety are openly published.
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I I. INTROOUGTION

A. Coverage of report

This report examines the safety issues related to the
accidental release of radioactivity from commercial
light-water reactors. The original charter of the
group, "Reactor Safety, "was so broad. that we decided
to confine our attention to light-water-moderated reac-
tors, which are presently the reactor type used almost
exclusively for commercial electrical service in the
United States. Even "light-water-reactor safety" was
too broad for the modest effort we were able to mount.
%Ye have therefore tried to isolate some of the critical
technical matters and have studied the safety research
and development program. On these restricted subjects,
we have endeavored to provide a technical analysis in
this report.

We did not study the issue of plant effluents in normal
operation or other aspects of the nuclear fuel cycle, such
as reprocessing and transport of radioactive materials
and storage of radioactive wastes; nor did we study the
question of the protection of fissionable materials from
theft or misuse. We also made no study of any other
reactor types, such as high-temperature gas-cooled re-
actors or liquid-metal fast-breeder reactors. We felt
that as members of the technical community, we could
make our most significant contribution by investigating
the technical issues involved in the safe operation of
light-water reactors and by evaluating the research and
development program concerning these .issues. We hope,
through the medium of the report, to provide both the
American Physical Society membership and the larger
technical community with a technical foundation on the
safety of light-water reactors and a review of the current
safety research program.

B. The nature of the hazard

The important potential hazard in a reactor incident is
the release of radioactivity, not energy. It is physical-
ly impossible for a light-mater reactor to explode in the
same fashion as a nuclear weapon (as explained in Sec.
III). However, it is physically possible for large amounts
of radioactive materials, accumulated within the reactor
core, to be released into the environment. Even after
the power-producing chain reaction is shut down, fission-
product decay still generates heat at an initial rate of
about 225 MWt in a 1000 MWe reactor. ' If a loss-of-
coolant accident should occur, this residual heat produc-
tion would be sufficient to melt the core and release a
large amount of radioactivity. Because such accidents
could conceivably result in the release of large amounts.
of radioactivity, much design and construction effort has
been devoted to reducing the probability of such an event
and to limiting the escape of radioactivity to the environ-
ment.

5M' is the rate of production of thermal energy (heat) in
megawatts. MWe is the rate of production of electrical energy;
taking into account the efficiency (usually about 1/3) of the re-
actor-generator system, 1000 MWe corresponds to about
3300 MWt.

C. The nature of safety

The amount of radioactivity in a reactor is sufficient
to cause serious damage if released to the environment.
Like other systems, natural or man made, one cannot
expect reactors to be "perfectly safe, " but rather one
must decide whether the overall risks to society from
accidental release are sufficiently small so that reac-
tors are "safe enough. " Defining what is "safe enough"
is clearly a very difficult problem.

In practice, decisions on what is "safe enough" are
made almost unconsciously by the public and by various
licensing bodies. Despite the lack of a common mea-
sure of costs and benefits, all manner of costs are ac-
cepted by the general public to achieve perceived bene-
fits (for example, in the United States each year over a
thousand people are accidentally electrocuted, yet there
is no pressure for the abolition of electricity and not
much for improvements which would decrease the elec-
trocution rate). It is even more difficult to define what
is "safe enough" in situations involving potentially
serious accidents with extremely law probabilities be-
cause costs are replaced by potential risks and because
there are no agreed figures of merit. Not only do dif-
ferent people place different emphasis on such values
as the preservation of life and land, but they even mea-
sure benefits and risks in different units.

Another problem which arises in dealing with the spec-
trum of risks (potential costs) of a reactor accident is
that a dichotomy syndrome sometimes manifests itself.
The spectrum of possible accidents may become charac-
terized by the "maximum credible accident, "which will/
will not happen. Similarly, the performance of safety
systems in a multitude of situations is sometimes sim-
plified to "the emergency system will/will not work" or
even "reactors are/are not safe." In assessing safety,
one must avoid this fallacy of reducing a complicated
situation to the simple black-and-white picture of yes/no.

Similarly, there is a natural tendency continually to
improve the safety of a system to assure that it is "safe
enough. " Any system can be made safer, and there is
usually some additional cost. It is essential to balance
the increased safety against the increased costs. As
an example, the recently required new safety features
and air pollution control features for automobiles have
entailed new costs, among them higher car prices, re-
duced gas mileage and performance, and increased
nuisance in use. Some of these new features have been
perceived as beneficial and retained, while others, such
as the safety belt interlock, have been rejected. For
reactors, the two chief costs of increased safety are
increased cost of electric power and its possible de-
creased availability. It is therefore a relevant public
concern to determine at what level of safety reactors are
"safe enough. "

The issues of public concern about the safety of light-
water reactors may then be generalized into three broad
questions:

1. Are existing light-water reactors "safe enough'P"
2. Can the safety level of existing reactors be main-

tained adequately in the future?
3. Will our confidence in the safety of light-water

reactors designed and built in the future be greater than
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for today's reactors?

We have not studied the benefits of nuclear power,
much less attempted to weigh them against the risks;
therefore, we cannot answer these three broad questions.
However, it is helpful to keep them in mind while ap-
proaching the technical issues.

D. Evaluating the safety of complex systems

One approach to designing safety into large systems
(and reactors are typical examples) is by making the
systems sufficiently redundant and diverpe that several
relatively independent failures are necessary to gen-
erate a serious accident sequence. The low accident
probabilities for reactors rest on the multiplication of
probabilities of several independent events. However,
such small probabilities are often overshadowed by so-
called "common-mode" failures, which are single fail-
ures compromising several elements of a complex sys-
tem at once. At a certain level of complexity, these
common-mode events probably become the dominant
accident-initiating mode, but they are particularly diffi-
cult to estimate.

In discussing the way complex systems are designed
so as to minimize the possibility of accidents, it is im-
portant to recognize that accidents never derive from
violations of the laws of nature, but always depend on
phenomena such as unforeseen loading of a system, un-
foreseen deterioration of the materials, inadequate
design, or faulty operations. In assessing, for ex-
ample, the probability that a pipe may rupture, it is
just these difficult-to-calculate fluctuations in either
loading or material properties that may contribute to a
failure.

It is generally recognized thai the safety of complex
systems is difficult to estimate for the reason thai, in
addition to the reasons above, their very complexity
makes it inherently difficult to calculate their behavior
for a significant failure. Therefore, complex system
designs generally include large safety factors and safety
features specifically engineered to prevent a failure
from becoming a serious accident. These safety factors,
in many instances, have become standardized in engin-
eering codes. For reactors there are special codes set
up by organizations such as the American Society of
Mechanical Engineers (ASME), Institute of Electrical
and Electronic Engineers (IREE), American Welding
Society (AWS), and American National Standards In-
stitute (ANSI).

Examples of specially engineered safety features are
the watertight bulkheads, lifeboats, and life preservers
on ocean-going ships. Large ships are designed with as
many as a thousand water tight compartments, so that
a single rupture below the water line will not sink the
ship. In the event of a large number of underwater fail-
ures, resulting in the sinking of the ship, there are life-
boats and life preservers to save the passengers and
crew. In reactors there are engineered safety features
which serve the same functions: protecting the facility
and protecting lives and property if part of the facility is
accidentally destroyed. These include a rapidly acting
SCRAM system to shut down the chain reaction, an emer-

gency cooling system in case of loss of ordinary coolant,
and the containment building designed to prevent the
escape into the environment of radioactivity if it is ac-
cidentally released from the primary coolant system.

There is another procedure which can be used to reach
an acceptable level of safety, and which is used in the
aircraft industry. Although it is virtually impossible to
design and build an aircraft without defects, commercial
aircraft are extremely safe, and many of the safety
issues are shared with reactors. The procedure in the
case of aircraft, now highly standardized and bureau-
cratized, rests upon a careful analysis and investigation
of every accident that does in fact occur, even after a
detailed licensing and preproduction procedure. Correc-
tive design modifications are then applied to all other
aircraft of the same type, so that the accident is less
likely to happen again. Over a period of decades this
steady improvement has resulted in a generation of air-
craft which could not have been designed in the beginning,
but which are in fact safe enough toachieve socialaccept-
abibty.

The philosophical basis of this procedure is that in a
complex system there is a very wide spectrum of ac-
cidents, with the minor ones most likely, a fact borne
out through experie'nce. A rapid decrease of reactor
accident probability with increasing accident severity is
one of the main findings in the draft of the AEC's Reactor
Safety Study (Draft WASH —1400). It is of great impor-
tance to assess the correctness of this simple result.
If the decrease is rapid and if the probability of major
consequences is sufficiently small, then the philosophy
of learning about reactor safety through experience is
sound.

E. The role of licensing, regulation, and research
ln safety

The AEC' has the responsibility for the licensing and
regulation of the nuclear industry. The AEC issues per-
mits for construction of nuclear power plants and the
licenses for their operation after a series of reviews to
ensure that the proposed design meets standards adequate
for public safety. The AEC monitors construction,
fabrication, testing, and plant operation to assure com-
pliance with the permits and licenses.

In general, these standards and criteria are well de-
fined and clearly conservative. Many are verified
through extensive industrial experience, and have been
incorporated in the codes of professional societies (such
as those mentioned above), while other standards and
criteria have been developed through the reactor safety
research program. All these criteria are published in
Title 10 of the Code of Federal Regulations.

Unfortunately, it has been more difficult to establish
criteria as to the adequacy of the major engineered
safety features, particularly the emergency core cooling
system (ECCS). These safety features are rarely used
and are very difficult to test under conditions such as
might occur in an accident, so there is little experience

68ee Footnote 1.
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on which to base criteria. Therefore, in order for a
utility to acquire construction permits and operating
licenses, the reactor design must satisfy certain accep-
tance criteria prescribing, in many cases, rather elab-
orate calculational methods of evaluating the projected
course of an accident, upon which the adequacy of the
safety-related equipment is judged.

The course of a projected accident involves the be-
havior of materials and fluids in abnormal and ill-under-
stood circumstances. Consequently, the AEC licensing
organization has required very specific methods of cal-
culation intended to be conservative at every point of un-
certainty (for example, heat flow is presumed not to
occur in places where it probably does). The upshot is
an emphasis on calculating system behavior (purportedly
conservatively) for an extremely severe hypothetical
"design basis accident, " rather than on making realistic
assessments of the reactor behavior under abnormal
conditions and requiring a conservative safety margin.
The AEC has defined several design basis accidents for
evaluating the designs of the engineered safety features.

Research on the course of one of these hypothetical
design basis accidents, the loss-of-coolant accident
(LOCA) following a break in a large cooling-water pipe,
now consumes the lion's share of the budget for reactor
safety research. This is largely because it is believed
that emergency systems which successfully meet the re-
quirements of this design basis accident will also pro-
vide protection against most other accidents.

We believe it particularly important that the reactor
safety research program concentrate on realistic cal-
culations and experiments and not merely on the setting
of upper limits on the reactor behavior in a particular
accident sequence. The latter approach would turn the
research program into a demonstration program, and
thereby deprive it of much of its value. Many of these
questions come into focus most sharply below in con-
nection with the hydrodynamic computer codes used to
describe a large LOCA.

Perhaps a more serious problem is associated with
the philosophical relationship between the design basis
accident concept and incentives to reactor manufacturers
for improvements in safety. The design basis accidents
represent by definition the most severe accidents which
the system is designed against in order to prevent
serious consequences in terms of equipment damage and
potential release of radioactivity. It has been observed
frequently by reactor manufacturers that, if they were
to provide additional safety-related equipment such as a
"core catcher" or a second containment structure, the
AEC might possibly redefine a design basis accident to
include failure of this added equipment —thus making re-
actor design even more difficult than is the case with
the current design basis accident. Another problem is

that, if a manufacturer adds a safety feature designed
to ameliorate further the consequences of a core melt
(e.g., a core catcher), the AEC may not allow any credit
for such an engineered feature in the safety analysis.

We believe that this situation presents a dilemma in
our safety policy. Serious consideration should be given
to the development of a philosophy of design standards
which will provide to reactor manufacturers greater in-
centives to seek out methods for improving safety than
does the current philosophy. While we do not attempt to
spell out such a philosophy in detail, we expect that it
will depend much more heavily on realistic calculations
of events than does the present design-basis-accident
approach and would need a strong tie to the safety re-
search program.

F. Organization of the report

The bulk of our conclusions and recommendations are
found in the main text of the report. Several of the more
important appear in the Summary. The body of the re-
port begins with Sec. III, a brief primer on light-mater
reactors and relevant safety considerations and pro-
cedures. Section IV contains a set of discussions on the
integrity of reactor primary systems; transients (ex-
cursions from normal operating conditions); quality
assurance; the contribution of human error in initiating
or aggravating an incident; and sabotage.

Section V contains a discussion of some of the issues
involved in the analysis of accident sequences, once
some initiating event has occurred. We have examined
some of the engineered safety systems in considerable
detail, in particular the ECCS (emergency core cooling
systems) designed to provide engineered protection to
avoid the meltdown of the reactor core in the event of a
loss-of-coolant accident (LOCA). Section V also con-
tains a discussion of the consequences of a major core-
melt accident, including the case mhere the containment
is assumed to fail. This discussion provides a scale
which measures the need for accident prevention, con-
tainment improvement, and mitigation of consequences
and proposes possible new initiatives in these areas.

The nub of our report is Sec. VI, an evaluation of the
present reactor safety research program, which is in
principle designed to answer the important questions
raised about reactor safety. We have studied this pro-
gram in detail and are favorably impressed by the rate
at which it is improving, - but are not convinced that it is
as yet adequate.

Following the body of the report are Appendices,
which embody supplementary detailed discussion of
several important issues, as well as a list of abbrevi-
ations commonly used in the report and a full list of
references.
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I

III. PRIMER ON LIGHT-WATER NUCI EAR
REACTORS AND RELATED SAFETY ISSUES

10

This section is intended as abrief pr imer for those unfa-
miliar with nuclear power reactors and as a refresher and
reference for those with some knowledge. The primer be-
gins with a brief discussion, of the nuclear reactor physics
and parameters appropr iate to a 1000MWe light-water pow-
er reactor. Following this section are brief descriptions of
(i) a pressurized-water reactor (PWR) and (ii) a boiling-
water reactor (BWR). These descriptions are followed
by a discussion regarding the consensus that the central
issue in light-water reactor safety is the prevention of a
major release and dispersal of the radioactivitycontained
in the reactor's fuel core. Here it is pointed out why
events leading to loss of core cooling, resulting in core
melt with failure of the containment, potentially have the
most severe consequences. The primer then concludes
with a description of the various roles of the government,
n.uclear reactor vendors, and utilities in the design, fab-
rication, and operation of nuclear power plants.

This primer draws heavily from AEC Report WASH-
1250 for its description of the two types of 'power plants
and the roles of the various organizations. '

.
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A. Nuclear reactor physics
FIG. 1. Fission yield as a function of mass number (from

Qlas stone and Sesonske, 1963).

In present day nuclear power reactors, the energy re-
leased from the fission of uranium and plutonium is used
to heat water, which then runs a steam turbine which, in

turn, powers an electric generator. A typical fission re-
action is the following:

ling +235U 236U g 147' a +87gr + 2 1~
0 92 92 57 35 0

There are over 40 possible fission reactions through
which the intermediate excited state of '92U proceeds.
In Fig. 1 is shown the "fission yield, " i.e. , the percentage
of fissions that result in fission products of a given mass
number.

Most of the energy released comes from the kinetic
energy of the fission products, but significant amounts
come from gamma rays and the further decay of fission
products, as shown in Table I. Thus the fissioning of one
atom of ',",U leads to the release of about 212 MeV of en-
ergy; about 200 MeV of this is eventuallyturned intoheat.
Putting this into more practical units, complete fission-
ing of 1 g of ",2U releases about 1 megawatt-day of ther-
mal energy.

In order to sustain a chain reaction. , one of the neutrons
emitted in the fission must go on to cause another fis-
sion, before it is captured by some nonfission process or
leaks out of the reactor core. The number of neutrons
emitted in a fission is given in Table II. The average en-
ergy of the emitted neutrons is about 2 MeV, spread out
over the spectrum shown in Fig. 2. The energy of these

VFor more detailed descriptions of the physics and engineer-
ing of reactors there are several good texts available, e.g. ,
S. Glasstone and A. Sesonske, Nuclear Reactor Engineering
{Van Nostrand Co. , 1963); D. J. Bennet, The E'/ements of Nu-
clear Power (Wiley @ Sons, 1973).

TABI,E I. End products and energies from fission of 3 U (from
Bennet, 1973).

End-product
Emitted energy

(Me V)

Fission products
Fission neutrons
Prompt p radlatlon
Fission product decay

P radiation
y radiation
neutr inos

Capture y radiation

Total

8
7

12
5

neutrons is too high for them to be efficient progenitors
of fission. Figure 3 shows the fission, cross section for
2"U and '"U as a function of neutron energy. Note the
logarithmic scale on the ordinate; a reduction in the neu-
tron energy from 1 MeV to 0.025 eV (thermal energy) in-
creases the fission cross section by nearly three orders
of magnitude. Also note that the fission cross sections
for U are negligible compared to those for 5U with
thermal neutrons.

To take advantage of the increased fission cross sec-
tion at thermal energies, many reactors (and all the re-
actors discussed in this report) contain a "moderating"
material, chosen because of its ability to slow down neu-
trons through elastic collisions, while at the same time
having a very low cross section for neutron absorption.
The average logarithmic energy decrease per collision
is called g

g =in(E /E ),

where &, is the energy of the neutron before the collision
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TABLE II. The number of neutrons emitted per fission (from
Hence t. 1973).

1000—

Isotope

233U

232Th
238U

Incident
neutron energy

0.025 eV
1 MeV
0.025 eV
1 MeV
0.025 eV
1 MeV
1.5 Me V
1.1 Me V

Number of neutrons
emitted per fission

2.44
2.50
2.87
3.02
2.48
2.55
2.12
2.46

100
C

10

1

001 0 1 10 10 10 10 10" 10'eg 1 10 MeV

Neutron energy

FIG, 3. Fission cross sections of 3 U and 3 U (from Bennet,
1973).

with the moderating nucleus, and E, is the energy after
the collision. Here $ can be calculated from the kine-
matics of the collision. The most useful figure of merit
for moderators is the "moderating ratio, "which is g &,/
~, , where ~, is the macroscopic scattering cross sec-
tion, and ~, is the macroscopic absorption cross section.
The moderating ratio for several moderators is shown in
Table III. The first reactor built by Fermi at Chicago
used graphite; Canadian power reactors use heavy wa-
ter; power reactors in the U. S. use ordinary "light" wa-
ter (hence the terminology "light-water reactor, " LWB).
The average number of collisions necessary to reduce
the energy of a neutron from energy E, to energy E, is
&=in(E, /E~)/g, if binding effects are neglected Thu. s to
reduce 2 MeV neutrons to 0.025 eV when using light wa-
ter ()=1) requires about 18 collisions. This will take a
"slowing down time" of about 10 ' sec. After slowing
down, the neutron will continue to diffuse (scatter) until
it is absorbed by a nucleus or until it leaks out of the
reactor. The time spent slowing down and diffusing in
various moderators is shown in Table IV.

It is worthwhile to point out here that the preceding
numbers imply that it is physically impossible for amod-
erated reactor to "explode like an atomic bomb. " The
chain reaction in normal light-water reactor operation
relies on the =lo/o fraction of the fission neutrons which
are emitted by some of the fission fragments a few sec-
onds after fission. Thus there is a built-in delay time of
several seconds between the absorption of a neutron to
cause fission, and the emission of 100% of the additional

0.4

neutrons necessary to sustain fission. If the moderator
is suddenly removed (due, for example, to a major pipe
rupture, a "loss-of-coolant accident") then the chain
reaction will stop. In addition, if an "explosion" began,
the shock wave would disperse the nuclear material fast-
er than the velocity of thermal neutrons (about 2000m/s);
this lack of inertial constraints means that the release
of energy would fizzle. Furthermore, the decrease in
density of water with temperature helps stabilize reactor
operations. A surge in reactivity by increasing the tem-
perature decreases the density and hence the moderating
power of the water, which then leads to a reduction in
reactivity. The conceivable dangers from alarge nuclear
reactor arise not from a release of energy, but from the
possible release of the large amount of radioactivity in

the fission fragments present in such a reactor.
The chain reaction can be halted at any time by insert-

ing neutron-absorbing materials into the core of the re-
actor. The capture cross section for thermal neutrons
for several materials is given in Table V. The reactiv-
ity of the reactor can be adjusted by the controlled in-
sertion of materials such as cadmium. One of the emer-
gency shutdown systems, SCRAM, involves the injection
of borated water into the core of the reactor.

Natural uranium consists of about 0.715'%%uo of '"U and
99.285o/o of U. As discussed above, the U js useless
for sustaining a chain reaction (although it is a useful
target for neutrons for the production of plutonium). '"U
has several resonances in its neutron absorption cross
section that rapidly reduce the number of neutrons pass-
ing. through those energy regions while being thermal-
ized. Unless a moderator with unusually low absorption

0.3

S(Ej
0.2

TABLE III. Slowing down properties of moderators (from
Glasstone and Sesonske, 1963).

0.1 Moderator

Slowing
down power

&'~s
Moderating

ratio

I

2 3 4 5
Neutron energy, E, Me V

Water
Heavy water
Helium
Beryllium
Graphite

1.28
0.18

10-'
0.16
0.065

58
21 000

45
130
200

FIG. 2. The fission neutron energy spectrum (from Bennet,
1973). At atmospheric pressure and temperature.
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TABLE IV. Slowing down and diffusion times for thermal neu-
trons in an infinite medium (from Glasstone and Sesonske,
&963). Material Capture cross section (10 44cm )

TABLE V. Capture cross sections in various materials.

Moderator

Water
Heavy water
Beryllium
Graphite

~s (cm ~)

1.40
0.35
0.75
0.41

7.1 x 10
5.0 x 10
5.7 x 10
1.4x 10 4

2.4x 10 4

6.0 x 10
4.2 x 10
1.6 x 10-'

Slowing down time Diffusion time
(sec) (sec)

Natural uranium
Water
Heavy water
Boron
Cadmium

7.6
0.66
0.001

759
2450

cross section is used (such as heavy water in the Cana-
dian power reactors), it is necessary to enrich the '"U
content of the fuel. In light-water power reactors in the
U. S. uranium is enriched to contain 2' to 4' '"U. In
addition, the uranium fuel is spatially separated from
the water moderator, allowing the fission neutrons to es-
cape into the moderator and slow down, with a smaller
chance of absorption, before diffusing back to the fuel.

B. Description of a commercial light water reactor

There are two basic types of light-water reactors in

common use in the United States today: pressurized-
water reactors (PWR) and boiling-water reactors (BWR).
Figures 4 and 5 show, in schematic form, the elemental
components of BWR and PWR power generating systems.
As indicated in the figures, the principal difference be-
tween the two reactor systems is related to the relative
isolation of the nominally weakly radioactively contami-
nated working fluid of the reactor from the turbine-gen-
erator steam supply.

In the BWR, as shown in Fig. 4, steam generated by
direct boiling in the nuclear core passes directly to the
turbine generators. It carries along with it whatever
radioactivity may be normally produced in the core either
from neutron interactions with trace contaminants in the
water or from leakage of fission products from pinhole
openings in the fuel rods. The BWR working fluid is con-
tinually operated on by radioactive cleanup processes to
remove these trace contaminants.

In the PWRs, as shown in Fig. 5, steam for the tur-
bines is produced in a secondary heat exchange loop iso-
lated from the nominally radioactively contaminated pri-
mary system of the reactor core. High-pressure water,
maintained at temperatures at which bulk boiling will
not occur, circulates through the primary loop of the re-
actor core and steam generator. At relatively lower
temperatures and pressures, steam is generated for the
turbines and as an isolated fluid circulates in the sec-
ondary loop of the steam generator.

In a commercial light-water reactor (LWR), the en-
riched uranium fuel is in the form of uranium dioxide
(UO, ) pellets encased in tubular metal cladding. Clus-
ters of this tubing form the core of the I WR. Water cir-
culates between. these fuel elements to provide both mod-
eration and cooling. The fuel rod and water combination
is contained in a heavy reactor vessel, with large inlet
and outlet nozzles for the coolant water. Also contained

in the reactor vessel are control rods, which can be in-
serted into the core of the reactor to absorb neutrons
and thus control the chain reaction. The water coolant
is driven from the reactor vessel to the heat exchanger
(or, for a BWR, to the turbines) by large pumps. The
pumps are necessary to remove from the core the in-
tense heat from the continuing chain reaction. However,
if the chain reaction is stopped, natural convection will
remove sufficient heat from the core if the power to the
pumps should fail.

A 1000 megawatt commercial power reactor will typi-
cally contain 87 metric tons of uranium fuel. Gperating
parameters for such a reactor are shown in Table VI.
In the sections that follow we will describe commercial
PWRs and BWRs in more detail, with emphasis on those
elements relating to safety.

1. Pressurized-water reactor (PWR) description

A cross-sectional view of a typical PWR is shown in

Fig. 6. The figure provides perspective on the relative
sizes of nuclear steam supply (NSS) components and their
layout in a typical operational configuration. Figure 7
presents a schematic diagram of the NSS and its asso-
ciated emergency core cooling systems (ECCS) equip-
ment, designed to minimize damage to the reactor from
a loss-of-coolant-accident (LOCA). The internal fluid
pressure of a typical large PWR is maintained at about
2200 pounds per square inch (psi), at which pressure
water can be heated to nearly 650'F without boiling. To
allow high heat transfer rates without bulk boiling, this
high-pressure water is heated to an average temperature
of only about 600 F. It is then piped from the reactor
vessel to two or more devices called steam generators.
Here the high-pressure reactor coolant water circulates
through tubes whose outer surfaces are in contact with a
second stream of water returning from the turbine con-
denser. The latter water stream is at considerably low-
er pressure and temperature than the former, and heat
transferred from the hot water inside the tubes causes
the water of the secondary stream to boil and produce
steam for the turbine at typical pressures of 1000 psi or
less and temperatures of about 500 F.

All PWRs employ this dual system for transferring en-
ergy from the reactor fuel to the turbine and are called
"indirect cycle" systems. The high-pressure circuit,
comprising the reactor vessel, piping, the necessary
pumps, and the inner tube side of the steam generators,
is termed the "primary system"; the lower pressure
circuit which delivers steam to the turbines is called the
"secondary system. "
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FIG. 4. Schematic idealiza-
tion of boiling-water reactor.
power system components.
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primary fluid as it passes through the reactor.

There are various designs for steam generators. Qne
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TABLE VI. Typical operational parameters for 1100 MWe
light-water reactors.

Parameters

Thermal power rating (MWt)

Electrical power output {MWe)
Reactor

System pressure (psi)
Inlet temperature ( F)
Outlet temperature ( F)
Coolant flow (millions of 1b/hr)

Turbine operating conditions
Inlet pressure (psi)
Inlet temps. ( F)

Heat transfer at rated power
Acti ve surface area (ft2)

Avg. heat flux (Btu/hr-ft )
Max. heat flux (Btu/hr-ft )
Avg. linear heat rate (kW/ft)
Max. linear heat rate (kW/ft)

Initial core loading
Initial charge (metric tons

of uranium)
Assemblies/core
Rods/as sembly

Annual discharge
Fuel (metric tons of uranium)
Assemblies (number)
Fuel rods (number)

Fuel rods
Number
Outside diam (in)
Cladding thickness {in)
Fuel pellet diam (in)
Diametral. gap (in)
Active length (in)

3400

1100

2200
550
600
140

800
500

53 000
210 000
560 000

7
19

87
193
204

—Corei

29

13 000

39 000
0.43
0.025
0.37
0.01

144

BWR

3300
1100

1000
420
550
110

1000
550

66 000
160 000
420 000

7
18

149
764
49

—Core1
4

37
190

9300

37 000
0.56
0.03
0.49
0.01

144

has an overall height of 63 feet with an upper shell (where
the steam drum and drying equipment are located) 174
inches (14.5 feet) in diameter, and lower shell (where
the evaporator section is located) with a diameter of 135
inches (11.25 feet). There are 3260 U-tubes through
which the primary coolant is pumped in each steam gen-
erator. Since the steam generators are so large and
operate under high pressure, they must be fabricated
from thick steel plate in order to have adequate struc-
tural strength. This makes the steam generators among
the most massive and sizeable objects in the plant.

d. I rimary coolant pumps

The primary coolant pumps circulate the water through
the primary coolant system, that is, between the reac-
tor and the steam generator. High reliability and per-
formance are demanded of the primary system reactor
coolant pumps since they (a) provide vital coolant to the
reactor and (b) are critical to operation of the steam
generators. Because the pumps must operate at high
temperatures and pressures, and because they circulate
water which is somewhat radioactive, the stringent de-
sign and manufacturing criteria used for the other
primary components must apply to the pumps. In a typi-
cal 1000 M%e PWR each of the four primary pumps is
about 30 ft high, is driven by a 6600 horsepower elec-
tric motor, and has a pumping capacity of about 88, 500
gallons per minute. The pump casings are designed for

operation at 650 F at a pressure of 2500 psi. Each PWR
employs more than one recirculation loop and pump to
meet its cooling requirements (i.e. , redundancy in num-
ber though not in capacity) and each pump has a capacity
greater than that required to accommodate removal of
the decay heat load immediately following a reactor
shutdown.

e. Pressurizers

PWR steam supply systems are equipped with pres-
surizers to maintain constant primary coolant pressure
during operation and to limit pressure changes caused
by coolant thermal expansion and contraction as plant
loads change.

A typical pressurizer for a large plant contains im-
mersion-type electric heaters of about 2000 kW capacity,
multiple safety and relief valves, and a spray nozzle,
plus appropriate valves and instruments. The lower por-
tion of the pressurizer contains liquid water and the up-
per portion contains steam. The pressurizer is connect-
ed by a surge line (pressure stabilizer) joining the pres-
surizer to the hot side (leg) of one of the reactor coolant
loops. When the plant electric load is decreased, the
temperature of the primary coolant rises and a positive
pressure surge in the primary system results in auto-
matic operation of the spray system in. the top of the
pressurizer; this condenses some of the steam and keeps
the pressure below that which would operate the pressure
relief valves. During a negative pressure surge, caused
by an increased plant electrical load, the electric heat-
ers are turned on and sufficient steam is generated with-
in the pressurizer to keep the primary system pressure
above the minimum allowable limit. Like the reactor
vessel, the steam generators, the pumps, and all other
parts of the primary system, the pressurizer is also lo-

catedd

within the containment. The pres sur izer is shown
schematically in Fig. 7.

f. PWR emergency core cooling system (ECCS)

Each nuclear plant has many different features that
are provided to compensate for the possibility of opera-
tor errors, equipment defects, abnormal occurrences,
and a variety of accidents. In addition, each plant has
a number of backup safety devices and systems to pro-
tect against damage to the plant or harm to operators
and to the general public. In a nuclear power reactor,
the fission reaction that produces most of the heat can
be turned off by inserting the control rods into the reac-
tor core. However, - the radioactive decay of the fission
products produced within the fuel during normal opera-
tion continues to produce substantial amounts of heat,
and this source cannot be turned off. The fission pro-
duct decay heat amounts to approximately V% of the
rated thermal output of the plant at shutdown, but decays
rather rapidly for a short time thereafter. The decay
heat output has decreased to 5% by 10 seconds after
shutdown, and drops to 2'%%uo after 10 minutes, 1'%%uo after
2.25 hours, and within 24 hours has fallen to only about
0.5'%%uo of the rated thermal output of the plant (assuming
extended normal plant operation at or near its rated
capacity prior to shutdown). A system must be provided
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to cool the core and to prevent the fuel rods from melt. —

ing if normal cooling is interrupted. This emergency
core cooling system is one of the more important of the
protective systems and is described briefly here.

The major function of the emergency core cooling sys-
tem of a I'WH is to supply sufficient water to cool the
core in the event of a break that might leave the core un-
covered. The ECCS must be capable of supplying fluid
for any break from a small crack to a rupture of the
largest coolant pipe in the system. PWR emergency core
cooling systems consist of several independent subsys-
tems, each characterized by redundancy of equipment
and flow path. This redundancy is intended to assure re-
liability of operation and continued core cooling even in
the event of failure of any single component.

The primary element of the ECCS is an accumulator
injection system. It consists of two or more large tanks
that are connected through check valves and piping to the

main coolant pipes between the primary coolant pumps
and the reactor vessel or to the reactor vessel itself.
These tanks contain cool borated water stored under ni-
trogen gas at a pressure of 200 to 650 psi. If a large
break w'ere to occur in the reactor primary system, the
hot water would be expelled through the break and the
pressure in the primary system would decrease rapidly.

If the pressure were to become less than the gas pres-
sure in the accumulators, the check valves would open
and discharge water from the accumulators into the re-
actor vessel to cool the core. The accumulator injector
system is a passive system. That is, it functions auto-
matically without activation of pumps, motor driven
valves, or other equipment.

Two active systems are also incorporated to provide
emergency core cooling. One is a low'-pressure system
for use in the event of large breaks, which could produce
rapid depressurization and ejection of the bulk of the
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primary coolant. This low-pressure system would con-
tinue to inject emergency core coolant (ECC) from the
refueling water storage tank and ultimately from pumps
within the drywell of the containment vessel into the pri-
mary system for long times after the above-mentioned
accumulators are empty. The other is a high-pressure
system to supply supplemental coolant if the break is
small and the primary coolant pressure remains high.
The active systems have pumps and valves that must
operate if the systems are to function properly. Power
to operate the active ECC systems is obtainable from
several sources. An active system is energized auto-
matically by coolant pressure sensing and level sensing
switches whose operation will connect power (normal or
emergency) to the appropriate pumps and valves and
thereby initiate emergency core cooling.

Although the arrangements and designs of PWH emer-
gency core cooling systems vary from plant to plant, de-
pending on the vendor of the steam supply system, all
modern PWR plants employ both accumulator injection
systems and pump injection systems, with redundancy of
equipment which is designed to assure reliability of op-
eration.

g. ContaInment
The primary system of a, PWRcontains large amounts

of radioactive fission products. A leak in a pipe could
therefore result in the release of radioactive material

to the surroundings, so that the entire primary system
must be installed in a special building that is capable of
holding the fission products. Such a building is called
the conta, inment building.

In normal plant operation, the containment building re-
tains the low-level routine radioactive emissions forpro-
cessing in hold-up tanks for decay, and then releases them
through filters. Since PWR containment buildings are
typically 200 feet high by 125 feet in diameter and have
hundreds of penetrations, they are never perfectly gas-
tight but are required not to exceed a specified (very
low) leak rate. Refinements in containment technology
are still being made and containment systems vary wide-
ly from plant to plant. For example, in some PWR
plants, the containment space is kept at slightly below
atmospheric pressure so that normal leakage through the
containment walls is inward; other plants have double
barriers against escape of material from the contain-
ment. Most present day PWR containments are con-
structed of reinforced concrete with a steel liner, and
are what the public usually sees when viewing a nuclear
reactor fr om off- s ite.

In the event of a loss-of-coolant accident (LOCA), the
expelled primary coolant would flash to steam and pres-
surize the containment volume. Containment buildings
are sized and designed to withstand the maximum tem-
perature and pressure expected from the steam generat-
ed, although some PWR containments may not be able to
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withstand the pressure generated in an accident involving
loss of both primary and secondary cooling water.

Two kinds of additional measuies are taken in PWR
-plants to minimize the potential for escape to the envi-
ronment of any accidental release of radioactivity. In
some plants cold-mater sprays are provided to condense
the steam if there should be a major escape of primary
system coolant into the containment; in others stored ice
is used. By condensing the steam, and thus lowering the
containment pressure, the driving force for outward
leakage is reduced. This is importa, nt since in a major
accident the significant radioactivity held in the primary
coolant would be released into the containment, and if
the core should melt, large quantities of radioactive ma-
terials would become airborne in the containment.

Another safety measure provides blowers to recircu-
late the containment atmosphere through filters and ab-
sorption beds, to remove airborne radioactive mater-
ials. When sprays are used in the containment, chemi-
cals are usually added to the spray solution to increase
the retention of airborne radioactive materials that dis-
solve in and become entrained by the spray. Systems for
the control of hydrogen from both metal-water reactions
and radiolytic decomposition of the water are also pro-
vided to assure that flammable gas concentrations are
not reached within the containment.

2. Boiiing-water reactor ( BW R } description

A cutaway drawing of a BWR is shown in Fig. 8. A
more detailed, but schematic, diagram of the BWR nu-
clear steam supply system is presented in Fig. 9. The
nuclear steam supply system consists primarily of the
reactor vessel and equipment inside the vessel. The nu-
clear fuel assemblies are arranged inside a core shroud
in the reactor vessel. Water boils in the core and a mix-
ture of steam and water flows out the top of the core and
through steam separators at the top of the core shroud.
Steam from the separators passes through dryers to re-
move entrained water and then leaves the reactor vessel
through pipes to the turbine generators. Water from the
steam separators mixes with the water returned from the
turbine condenser, flows downward through the annulus
between the core shroud and the reactor vessel, and re-
turns to the bottom of the core. Because the. energy sup-
plied to the reactor coolant water from the hot fuel is
transported directly (without an intermediate heat ex-
change process) as steam to the turbine, the BWR sys-
tem is termed a. "direct cycle" system. The pressure in
a typical BWR is maintained at about 1000 psi. At this
pressure water boils and forms steam at about 545'F.

a. Nuclear steam supply system

Except for size, the nuclear steam supply systems
(NSSS) of all BWR plants in the United States are essen-
tially similar. Typically, a BWR of 1000 MWe size has
a reactor vessel about 21 feet in diameter, over 72 feet
in height (about three times the volume of a typical PWR
pressure vessel), with a wall thickness of 6 to 7 inches.
Details of the operational characteristics of a typical
BWR are given in Table VI. Steam flows from the reac-
tor vessel to the turbine generator in multiple main

steam lines. The head of the vessel and the steam sepa-
rators and dryers are removable for refueling the core.
Neutron absorption control and safety elements in the
reactor core are connected to rods that pass through
fittings in the bottom head of the vessel and are opera-
ted by hydraulic drives mounted below the vessel. Be-
cause the reactor heat output is sensitive to the rate of
flow of coolant through the core, partial control of the
power is effected by varying the driving flow to the jet
pumps and thereby the rate that the jet pumps recircu-
late water through the core.

h Fuel

Fuel rods for BWRs are similar to those for PWRs.
They are about one-half inch in diameter with about 12
feet of active fuel length sealed within zircaloy tubular
cladding. Forty-nine fuel rods (64 rods in fuel assem-
blies for the most recent BWR/6 system} are installed
in a metal channel of square cross section to form
a fuel assembly. The channel is open at the top and
bottom to permit coolant to flow upward through the as-
sembly; however, the closed sides prevent lateral flow
of coolant between adjacent assemblies in the reactor
core. The core of a large BWR of current design may
contain as many as 764 fuel assemblies (at 49 rods per
assembly this is more than 37,000 fuel rods per reactor)
with a total weight of uranium dioxide of more than 149
tons.

c. Primary coolant pumps

The rate at which heat can be extracted from a reac-
tor core of a given size depends on the rate of recircu-
lation of water through the core. In large BWBs, jet
pumps are provided in the annulus outside the core
shroud to greatly increase the circulation rate over the
natural circulation induced by the boiling in the core.
Water is withdrawn from the annulus by motor driven
recirculation pumps outside the reactor vessel and is
returned to provide the driving flow for the jet pumps.
The jet pumps deliver water from the annulus to the
bottom of the core and provide the pressure to drive the
flow through the fuel assemblies.

d. 85'R emergency core cooilng system

BWBs, like PWRs, have multiple provisions for cool-
ing the core fuel in the event of an unplanned depressuri-
zation or loss of coolant from the reactor. The provi-
sions may differ from plant to plant, but all plants have
several independent systems to achieve flooding and/or
spraying of the reactor core with coolant upon receiving
a signal of either high drywell pressure or low reactor
vessel water level.

Typical BWB emergency core cooling systems consist
(in part) of a high-pressure core spray system (early
BWRs) or a high-pressure coolant-injection system
(later BWRs) which are provided to assure adequate
cooling of the core in the event of a small leak that re-
sults in slow depressurization of the reactor system. If
such a leak should occur, the reactor would shut down
quickly on receipt of a signal of low water level in the
reactor vessel. Failure of the feedwater pumps or other
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reactor system would be released entirely within the
drywell. The resulting increase in drywell pressure
would force the air-steam mixture in the drywell down
into and through the water in the pressure-suppression
chamber, where most of the steam would be condensed.
Steam released through the pressure relief valves of
the automatic depressurization system would also be
condensed in the pressure-suppression pool, and this
pool serves as one source of water for the emergency
core cooling system. Systems for the control of com-
bustible gases from metal-water reactions and radioly-
tic decomposition of the water are also provided to as-
sure that flammable concentrations are not reached in
the containment.

The secondary containment system is the reactor build-
ing which houses the reactor and its primary contain-
ment system; a typical on-line system appears in Fig. 8.
The buildings, substructures, and exterior walls up to a
level above the top of the drywell are of poured-in-place
reinforced concrete. The secondary containment of op-
erating BWH plants is designed for low leakage, and has
sealed joints and interlocked double door entries. Under
postulated accident conditions, the normal building ven-
tilation system would automatically shut down and, the
building would be exhaust-ventilated (so as to maintain a
slight negative pressure therein) by two parallel standby
systems which discharge through the plant stack or roof
exhaust system, to minimize ground-level exfiltration
possibilities. These gas treatment systems include high-

efficiency particulate. air filters and solid absorbents for
trapping radioactive halogens, particularly iodine, that
might have leaked from the primary containment.

C. Safety considerations

As discussed above, it is not possible for a light-water
reactor to explode like a nuclear bomb. The unique as-
pect of a nuclear power plant is the accumulation of a
large amount of radioactivity. The central issue in light-
water nuclear reactor safety is the prevention of a major
release and dispersal to the environment of this radio-
activity.

l. Accumulated radioactivity —amount and location

The total amount of stored radioactivity in a nuclear
power plant depends upon the duration and power level of
its operation. When a light-water nuclear power plant
in the 1000 MWe size is first placed into operation, it is
loaded with unirradiated, but naturally radioactive fuel
(enriched to about 3' "'U) having an aggregate activ-
ity of about 150 curies in a typical PWH loading and
about 300 curies in a BWH loading. Table VI lists some
typical PWH and BWH fuel loadings and discharge data
for reference.

This fresh fuel is only slightly radioactive; however,
during reactor operation, the fission process produces

Rev. Mod. Phys. , Vol. 47, Suppl. No. 'I, Summer 1975



Primer on LWRs and related safety issues S23

large amounts of radioactivity. If the reactor is oper-
ated at full power, the amount of radioactivity increases
to the order of 1.7&10' curies between refueling opera-
tions, which occur about once a year. The largest frac-
tion of this radioactivity is due to the fragment radio-
isotopes produced by the fissioning of the uranium, and
is contained in the fuel rods. Another fraction is due to
neutron capture in "U to form '"U Bnd other radioac-
tive actinides. Finally, a lesser amount of radioactivity
is induced in the reactor structural material and in the
primary coolant by the absorption of neutrons produced
in the fission process. Since only a fr3ction, one-third
to one-quarter, of the core is replaced during refueling,
a large inventory of radioactive material is retained in
the reactor core after initial power operations (see Ta-
ble VI).

When the reactor is shut down. , the generation of radio-
activity ceases, and the quantity of radioactivity in the
spent fuel decreases, initially at a very rapid rate due
mostly to the decay of short-lived fission products. This
radioactivity continues to generate substantial quantities
of heat in the spent fuel. This heat production initially
amounts to some 225 MWt in a 1000 MWe reactor but de-
creases with time as radioactive decay progresses.

Table VII provides some calculated values for the
quantities of radioactivity and heat associated with an
1100 MWe PWH after a sustained period of operation.
The table indicates how these quantities would decrease
with time after reactor shutdown. To a good approxima-
tion, these values would also apply to a comparable BWR
core under the same circumstances.

2. Prevention of release and dispersal of radioactivity

During normal operation, the public is protected from
the release of large amounts of radioactivity at three
levels.

i. Nearly all radioactivity (&98Vo) is contained inside
the uranium dioxide fuel pellet matrix which is itself en-
capsulated as rods in zircaloy cladding.

ii. The fuel rods that make up the reactor core are
sealed in the primary coolant system, the system that
removes heat from the reactor core.

iii. A containment structure houses the reactor cool-
ant system and is des igned to confine and remove any
radioactive material that escapes from the primary sys-
tem.

The only known way that a large fraction of the radio-
activity in the fuel rods can be released is to melt the
uranium fuel pellets. (The zircaloy cladding would fail
before the pellets melt. ) Itis, therefore, crucialtomain-
tain adequate cooling to prevent melting of the fuel core,
since, if the core does not melt, most of the radioactiv-
ity will remain confined.

D. The roles of various organizations involved in
assuring safety in the nuclear power industry

Several different organizations, with quite distinct
roles and responsibilities, work together in the imple-
mentation of nuclear power. We will summarize these
considerations for four organizations: power utilities,
architect-engineering firms, reactor system vendors,
and the AEC. Our aim is to provide the reader with im-
portant background needed to understand how reactor
safety is actually implemented.

It is important to recognize that the safe design, con-
struction, and operation of a proposed plant is the re-
sponsibility of the licensee (i.e. , the utility). The AEC's
responsibility is to ensure that the licensee and his con-
tractors take all necessary steps to protect the health
and safety of the public. Both responsibilities extend
throughout the life of the plant, from the time that initial
planning begins to the time the plant is ultimately decom-
missioned. The degree of expertise concerning nuclear
power varies widely among U. S. electrical utilities.
Some have built and operated several power reactors and
have professional staffs who have familiarity with the

TABLE VII. Calculated radioactivity of 1100 MWe PWR at shutdown and as a function of decay time.

Decay
time

(days)
Iodine and

bromine isotopes
Noble
gases Actinides

Radioactivity (megacuries)
All fission
products

Activation
products Total

Total
thermal power

(kW)

0
1
5

15
30
60

120
210
365

1097
3653

1435
265
101
28.7
6.74
0.494
0.002 82
0.000 003 09
0.000 002 18
0.000 002 18
0.000 002 18

1240
221
105
29.0
4.77
0.784
0.659
0.648
0.630
0.553
0.353

13 800
2890
1870
1280

947
656
401
244
146
47.3
17.9

3450
1330

432
39.7
9.35
6.32
5.90
5.56
5.17
4.45
3.27

10.6
9.19
8.42
7.50
6.40
4.76
2.76
1.36
0.614
0.324
0.132

17250
4230
2310
1330

963
666
410
250
152
52.0
21.3

225 000
17400

9720
5600
4060
2350
1740
1100
659
204

67

Reactor is assumed to be shut down just before refueling after a sustained (293-day) period at a specific power of 37.5 MW/
metric ton. The time average specific power over the previous 1100 days is 30 MW/metric ton. The reactor is fueled with 3.3/0
enriched uranium totaling 82 metric tons of enriched uranium fuel.

Table from Report WASH-1250.

8See Footnote 1.

Rev. Mod. Phys. , Vol. 47, Suppl. No. 1, Summer 1975



S24 APS study group on light-water reactor safety

technology; in other cases, especially with smaller util-
ities, there may be minimal experience. In any case,
the utility usually hires one of several well-recognized
architect-eng ineer ing firms, who. are expe r ienced at
carrying out the detailed selection, design, and planning
for the site, the various buildings, and the many subsys-
tems to suit the needs of a particular utility.

The architect-engineer must keep the AEC Regulatory
staff informed during this early period, so that the AEC
is cognizant of the plans as they develop, and so that a
wide variety of AEC regulations can be satisfied. Thus,
while the initiative and ultimate responsibility for safety
rest with the utility, the architect-engineering firm nor-
mally plays a crucial role in the design process under
the overall safety umbrella furnished by the procedures
of the AEC Office of Regulation.

Once the utility's plans have undergone AEC review and
approval, construction can begin. The nuclear part of
the power station is manufactured by one of four U. S.
light-mater reactor vendors: Babcock K Wilcox, Com-
bustion Engineering, General Electric, and Westing-
house (a fifth manufacturer, General Atomic, sells high-
temperature gas-cooled reactors). Each vendor firm
has been in the business since the early days of com-
mercial nuclear power and carries out its own extensive
analysis and product development efforts, consistent with
a philosophy that has emphasized strong commercial
participation. In the process of convincing the AEC Of-
fice of Regulation that a license is justified, the vendor
in question submits a "Preliminary Safety Analysis Re-
port, " containing many safety analyses and calculations
to support his application for a safe design that satisfies
the AEC regulations. The vendor will have analyzed a
wide variety of hypothetical accident situations, as well
as many aspects of the local site that bear on safety
questions. The plans for quality assurance programs
also receive attention. The AEC Regulatory staff per-
forms an independent evaluation of the main points pre-
sented by the architect-engineer and the reactor vendor,
a process that generally takes at least a year, often
more, even though the architect-engineer and reactor

vendor follow very specific methods of regulation and
documentation laid down by the AEC. During construc-
tion and installation there are also extensive inspection
procedures and practices in which the AEC satisfies it-
self that the various buildings and power reactor sub-
systems are being constructed and installed according to
plan. It is quite common for discrepancies and minor
problems to arise and be corrected during this period,
which typically lasts five or more years.

When reactor construction is completed, the utility ap-
plies for an operating license, submits a "Final Safety
Analysis Report, " and another set of procedures and
regulations is enforced. The AEC must be satisfied that
the utility has an adequate andproperly trained staff, with
plans to maintain its quality, and that there are adequate
plans to maintain quality assurance of all the components
during their lifetime. When the AEC is satisfied and the
many required inspections have been completed, the fuel
may be loaded and officially licensed operation may be-
gin. Again, it is common during the initial shakedown
period to uncover and correct minor problems, occa-
sionalIy even major ones which were unforeseen or which
might arise because of parts found to be defective or in-
adequate. In any case, an AEC inspector watches over
the situation and ascertains that all regulations have been
satisfied and that full operation can be approved. The
AEC continues to carry out periodic inspections of both
hardware and procedures to ascertain that the utility,
which bears formal responsibility, is maintaining safe
operation.

It can be seen that there are many organizational inter-
faces involved in order that private initiative can be
stimulated and, at the same time, controlled through
regulation intended to ensure public safety. While the
AEC provides the overall safety umbrella in the form of
licensing and regulatory procedures and inspectors, it
is no simple task for the utility and its principal con-
tracting organizations to assume the initiative and to
bear the ultimate responsibility for safe operation. Many
safety issues rest on how effectively the process is car-
-ried out by all parties.
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IV. I Nl TIATI NG EV ENTS

In this report we have focused on events leading to a
loss of core cooling followed by failure of the contain-
ment and the subsequent consequences. This chapter
is concerned with possible causes of a loss of the nor-
mal core cooling for an operating nuclear reactor. Sec-
tion A is a discussion of the integrity of the primary
cooling system. Section B deals with certain events
other than rupture of the primary system which might
lead to a loss of cooling. Section C discusses the im-
portance of good quality assurance in maintaining high
system reliability against the failures outlined in Secs.
A and B. Finally we consider the possible safety prob-
lems brought about by human intervention: through
either operator error (Sec. D) or sabotage (Sec. E).

A. Primary system integrity

The integrity of the primary system is of central im-
portance to the safety of the reactor, since breaks in
the primary system could result in loss of cooling. An
accident of this sort is called a LOCA (loss-of-coolant
accident), and may range in severity from a catastrophic
rupture of the reactor pressure vessel (almost certain
to lead to core melt) to rather minor leaks in pipes,
which could almost surely be handled by the engineered
safety features of the reactor.

The most serious event by far, considered virtually
inconceivable by the AEC and the industry, wouM be a
catastrophic rupture of the reactor pressure vessel, be-
low core level. Such a rupture would leave no defense
against core melt-down, in that cooling water could not
be contained near the core. The pressure vessel is
made of steel, normally six to twelve inches thick,
roughly a dozen feet in diameter, and three to four times
as high. It is made of carefully chosen material, metic-
ulously welded, and inspected both before and during
operation. The question of the extent to which this care
can provide assurance against pressure vessel rupture
is the subject of this section, along with some discussion
of pipes.

Reactor pressure vessels and primary piping are de-
signed to conform to American Society of Mechanical
Engineers (ASME) standards, which are cautiously evo-
lutionary developments of other standards appropriate to
non-nuclear boilers and piping. For this reason we will
discuss non-nuclear experience below, as an indicator
of the efficacy of- these standards. We believe the stan-
dards to be sound, but they must be backed by metic-
ulous conformance at every stage of materials prepa-
ration, fabrication, and testing.

All pressure vessels belonging to light-water cooled
reactors made in the United States are currently made
of a particular steel (A 533B) which has been selected
because of its ductility and resistance to brittle fracture
at the operating temperatures of the reactor. The weld
materials are similarly chosen, the combination speci-
fically designed to provide a material with as high a
"fracture toughness" as is possible, according to cur-
rent understanding of the mechanism of fracture.

The understanding of fracture mechanisms has ad-
vanced considerably in recent years. In the case of

brittle fracture, crack growth is governed by the bal-
ance of the extra energy required to create new surfaces
and the stress relief energy released through the relax-
ation of the material. When the former is larger the
crack does not grow, while it will if the latter is domi-
nant. Since the two energies scale differently, there is
a minimum crack size for rapid growth, and any crack
larger than this size will cause disruptive failure of the
material at a given stress level. Similar phenomena ap-
pear in the more complicated situations in which part of
the material is undergoing bulk plastic deformation while
the rest of it is involved in linear elastic behavior, and
criteria have been developed for determining minimum
crack size from basic'material parameters determined
by standardized tests. The genealogy of a disruptive
crack would be: (1) an inevitable small crack due to
manufacturing imperfections; (2) a period of slow growth
determined by fatigue, cycling effects, corrosion, etc. ;
(3) a final disruptive failure when the crack reaches
critical size for the conditions of the material and the
stress situation at that time.

The steel used for reactor pressure vessels has rela-
tively brittle behavior at low temperatures (100'F or
less), but is extremely ductile and tough at the reactor
operating temperatures (500—600'F). The technical
specifications for nuclear plant operation require a care-
ful track from a cold start to operating pressure and
temperature, so that the vessel will not be stressed when
it is below ductile temperatures during startup. The
critical crack size at operating temperature is of the
order of inches, a size that ought to be detectable by the
test procedures to be discussed below.

All of these considerations presuppose that the mate-
rials of the vessel and the piping possess the specified
fracture toughness; that the stresses do not exceed those
for which the system is designed; and that inspection
procedures ensure that embrittlement of the materials
through fatigue, radiation, and corrosion is held to a
safe level.

Failures could follow from departures of materials or
loadings from specifications, either through changes i,n
the materials as a result of use or misuse, or as a con-
sequence of overloading. Clearly an inspection and
maintenance program is important in assuring the con-
tinued high quality of the pressure vessel and piping.

During and after fabrication, reactor vessels are sub-
jected to ultrasonic and radiographic testing which now
has enough sensitivity in principle to detect flaws of a
size that might threaten catastrophic rupture of the ves-
sel. In addition, an overpressure test serves as a double
check on the vessel integrity. The problem is, there-
fore, to maintain a monitoring and testing program dur-
ing the life of the reactor of sufficient intensity and per-
sistence to guarantee that the main embrittling mecha-
nisms (i.e., radiation, fatigue, and corrosion) will not
compromise the system. Such a program is required by
Sec. XI of the ASME Code.

Current steels for reactor pressure vessels are rather
insensitive to radiation embrittlement, if attention is
paid to limiting the concentration of certain trace im-
purities such as copper. It is estimated that no sub-
stantial embrittlement will occur during the assumed
40-year life of the pressure vessel. In addition, samples
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of the materials are kept in the pressure vessel in re-
gions which receive larger neutron irradiation than the
most heavily irradiated portion of the vessel itself, and
are removed for analysis from time to time during the
life of the vessel. It can therefore be anticipated that
embrittlement of the test specimens is certain to occur
before the vessel itself is compromised, and the likeli-
hood of unexpected radiation embrittlement is small.

Fatigue embrittlement of the primary system piping
is much more difficult to estimate, depending as it does
on the fluctuations which are the normal accompaniments
of regular operation of the reactor. We think it impor-
tant tha. t these fluctuations be quantified, along with their
likely effect on the primary system materia, ls. We
simply do not have the information available to make a
judgment on the importance of these effects, nor can we
judge the importance of corrosion embrittlement, of
which there have been some instances.

In view of the remaining uncertainties, it is important
that continued attention be devoted to the development of
improved radiographic and ultrasonic testing techniques,
to reduce further the likelihood that a critical flaw may
escape detection. These inspections have recently been
extended to the more LOCA-sensitive parts of the pri-
mary system piping. In addition, the acoustic emissions
technique for monitoring slow crack growth, though still
unproven, should 'receive continued development.

One point which needs mention, especially since much
was made of it during the recent British controversy
over the selection of a nuclear electric system, is the
question of "leak-before-break. " In rela, tively thin-
walled pressure vessels it may well be the case that the
critical flaw size for disruptive failure is more than the
thickness of the vessel itself, so that one can have sub-
stantial confidence that the vessel will display a notice-
able leak before major failure occurs. Indeed, the ex-
perience with thin-walled pressure vessels in non-nu-
clear service bears out this presumption. In the ex-
tremely thick vessels used in nuclear service, however,
the critical flaw size is likely to be rather less than the
thickness of the vessel, so that the possibility of an em-
bedded flaw large enough to cause failure, but not yet
large enough to cause a leak, cannot be ignored. For
such flaws, the nondestructive inspection techniques
mentioned above must be entirely trustworthy, and
meticulously and redundantly implemented. What un-
easiness we have about primary system integrity derives
from the concern that, if there are 10 or 20 years with-
out any major reactor accidents, inspection and main-
tenance procedures may be allowed to relax.

In the end we have to ask whether boiler vessels and
piping do in fact fail in normal service. Unfortunately,
nuclear experience is not sufficient to provide much
guidance on the issue, since only just over a hundred
reactor years of U. S. commercial LWB history has been
accumulated. The U.S. Navy experience with smaller
systems is approximately ten times that, but it is not
known to us whether naval designs, procedures, and ex-
perience are relevant to large commercial LWRs. How-
ever, if one were to include naval experience, one could
say that there have been no major violations of primary
system integrity in roughly a thousand reactor years of
experience. Even this is simply not enough information

on which to base a sanguine prognosis.
A number of organizations have therefore undertaken

to collect boiler and piping statistics from non-nuclear
sources, recognizing that the codes under which these
vessels were built and operated are somewhat less de-
manding than those for nuclear components. Nonethe-
less, the data are expected to provide something of an
upper limit on failure rates to be expected in nuclear
experience, and are valuable in that regard. There have
been some 750 000 vessel years of non-nuclear ex-
perience, with a disputed number of relevant failures
varying from zero to two or three (the definition of rele-
vance is at issue here) (AEC, WASH —1285, 1974). For
those vessels, these statistics indicate that the likeli-
hood of unexpected disruptive failure is of the order of,
or less than, one part in a few hundred thousand per
vessel year. The Advisory Committee on Reactor Safe-
guards (AEC, WASH-1285, 1974) has added another
factor of ten for the higher quality and maintenance stan-
dards in nuclear plants.

For all piping smaller than 6 inches in diameter, a
reasonable estimate of the chances of a LOCA would be
a factor of 10 higher, but the consequences of a failure
in such a pipe are mitigated by the engineered safety
features of the reactor, in particular the emergency
core cooling system, discussed below.

Special mention must be made of the tubes in the steam
generator of a PWB, because these are present in very
large numbers, are a part of the primary system (com-
prising, in fact, 50% to 75% of the surface area of the
primary system), and have historically been subjected
to corrosive failure. Under normal operating condi-
tions, it is possible to sustain the loss of a few tubes in
the steam generator without a major threat to the in-
tegrity of the reactor, but the loss of large numbers
could constitute a serious problem. Various measures
are now being implemented to reduce the rate at which
these tubes fail. On the other hand, behavior of the
tubing in the steam generator under accident conditions,
especially if partly corroded, is an uncertainty.

Finally, though this is a discussion of primary system
integrity, it is important to note that the integrity of the
secondary system in a PWR is also of great importance.
The secondary system is normally responsible for ulti-
mately disposing of heat from the reactor, and a multi-
plicity of independent secondary coolant loops is stan-
dard design for a PWR.

In summary, we believe that assurance of the inte-
grity of the primary system of a commercial LWR is
best guaranteed by continuous and meticulous attention
to inspection, maintenance, and operation. There are
still unknowns in the basic theory of crack growth, and
the program to resolve these will be discussed below
(see Sec. VI—Reactor Safety Research Program). None-
theless, given the meticulous engineering, design, and
quality assurance that are required, we believe that the
integrity of the pressure vessel is one of the strong
points in reactor safety. It is clear, however, that
further work toward better methods for nondestructive
testing and in situ monitoring of the primary system
would strengthen the quality assurance and inspection
programs considerably, a point that will be amplified in
our review of the safety research program.
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B. Transients

During the course of routine reactor operation, de-
partures from normal operating conditions are expected
to occur, and these are called anticipated transients.
Obviously, there may also be unanticipated transients.
Examples of transients may be: reactivity changes
caused by inadvertent control rod withdrawal, cold water
injection from an inactive coolant loop, etc. ; equipment
failures such as failure of a main feed water pump,
failure of a recirculating pump, turbine trip, secondary
coolant loop failure in a PWR, etc. ; loss of off-site or
control power, fire; and so forth.

The reactor control system can automatically adjust
for the majority of transients without service interrup-
tion, but some will require rapid termination of the
chain reaction, or SCRAM, for safety reasons. SCRAM
itself is not normally a major event and occurs in the
average reactor about ten times a year; but the se-
quence of events from an anticipated transient to a safe
shutdown of the reactor involves the performance of a
number of systems whose failure could lead to serious
problems, including loss of cooling.

The primary requirement in bringing about a safe
shutdown is to maintain an adequate supply of coolant
to the core. This requires among other things that there
are no pressure transients severe enough to cause a
rupture in the primary coolant system, and that there be
an adequate heat sink to dispose of decay heat. Failure
to provide such a heat sink would lead to the boiling out
of primary coolant through the pressure relief valves
and would result in a core melt, typically in a couple
of hours. It is important that the system be reliable,
redundant, and invulnerable to those common mode fail-
ures which we can foresee.

Et is not always necessary to bring the reactor all the
wa. y to the coif shutdown condition in the event of a
transient, but, if it is, the essential steps are the ces-
satio'n of the cha, in reaction (SCRAM or poisoning of the
coolant water ) and the removal of decay heat from the
primary system for a sufficient time. The AEC has
recognized certain transients as "anticipated" since
they occur about ten times a year in the average re-
actor. The AEC estimates the probability of SCRAM
failure as 10 '. Assuming that these transients do not
affect the SCRAM capability in any way, the probability
of transients without SCRAM is thus calculated as about
10 6/reactor year (AEC, WASH —1270, 1973). The in-
dustry is required to show that the reactor can survive
a transient with SCRAM failure, assuming that nothing
else fails. Studies are currently under way at the ven-
dors and at Brookhaven National Laboratory to investi-
gate the question.

Removal of decay heat requires the availability and
mobility of coolant, as well as adequate heat sinking.
While electrically powered pumps are normally used in
a PWR to move the coolant, it is important to note that

9In the event of a loss-of-coolant accident, the boiling away
of the primary coolant in the initial stages of the accident also
stops the chain reaction, since the w'ater is the moderator for
the reactor.

convective transfer is sufficient within the primary sys-
tem to transfer decay heat to the secondary system.
Thus, in the event of complete electrical failure in a
PWR, for example, convective cooling would be suf-
ficient to transfer the decay heat from the primary
coolant to the secondary coolant until the latter boiled
away. To get a feel, therefore, for the safety systems
provided against a severe transient, we will discuss
in somewhat more detail the cooling systems and their
electrical requirements, for both a PWR and a BWR.

In a PWR in normal operation, the secondary coolant
loop consists of the main feedwater pump which is
driven by either steam or electricity, the condenser,
and the electric condensate pumps. In the event of fail-
ure of this system, there is an auxiliary feedwater sy's-,
tem, normally consisting of one steam-driven pump,
which is driven by steam from the reactor in the event
of massive electrical failure, and two electric pumps
which are on the emergency power bus. Any one of these
pumps is sufficient for decay heat removal. The normal
water inventory for this system is sufficient for approxi-
matel'y eight hours of operation, and it can be manually
replenished from much larger supplies. Failure of this
system would occur only after an extended loss of ac
power, together with the failure of the auxiliary feed-
water system steam pump.

For a BWR the normal cooling loop consists of the
main feedwater pump, the condenser, and the conden-
sate pumps. If the condenser is not available as a heat
sink, then heat in some BWRs is channeled through the
drywell to the torus, which has the heat capacity to ab-
sorb about one day of.decay heat. It is in turn cooled
by the high-pressure service water system, which op-
erates from the emergency ac bus, and such cooling can
continue indef initely.

The above illustrates the importance of maintaining an
electrical supply to the reactor (even though one can get
by for a.while with complete loss of power), and for this
reason there is redundancy in the electrical system.

The emergency system consists of two completely in-
dependent power trains, either of which is sufficient to
ensure proper operation. All safety-related equipment
is duplicated, one element being fed from the first pow-
er train and the other from the second. Physical separa-
tion and redundancy are required. Control power for the in-
strumentation is derived from duplicated dc buses, which
are normally fed by rectified ac. In addition there are
backup batteries floating on the buses, which are suf-
ficient to supply the control needs of the station for ap-
proximately six hours, although this varies considerably
from plant to plant. Loss of dc power could lead to very
serious consequences, since it would result in many con-
trol functions being lost.

If both sources of off-site power fail, emergency ac
power for the plant is provided by auxiliary diesel gen-
erators, whose arrangement varies from plant to plant.
Some two-unit plants have as many as six diesel gen-
e rators, one assigned to each erne rge ncy train in each
unit, and backups in the event of failure of one of the
other four.

Surprisingly, diesel performance is one of the recog-
nized weak points in the safety system: statistics show
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that about 3% of diesels fa, il to start when a,sked
(AEC/OOE, 1974a). In addition, there is a finite proba-
bility (approximately 1%) that a diesel, properly started,
may trip when asked to assume full emergency load.
Clearly, improvements in diesel reliability are neces-
sary, since off-site power failures do occur, and the
AEC appears to be moving in the direction of more
stringent requirements on diesel backup systems.

If there were an extended loss of off-site power and
diesel failure, which could result in a core melt, there
might well be a large radioactive release as the con-
tainment spray systems, heat removal system in a BWR,
etc. would not function. Further, if the batteries run
down, control systems would be lost.

It is extremely difficult to estimate the probability that
some sort of transient will cause a core melt. It.is
much easier to analyze a LOCA caused by a break in a
defective pipe, when the reactor is otherwise operating
essentially normally. Here the pipe failure is the domi-
nant event and the probability of core melt depends
mainly on this single failure rate. In addition, the se-
quences themselves are not as complicated, since other
equipment is presumably largely unaffected.

Some classification of transient-initiated accidents
is possible, and there are approaches which we recom-
mend be explored. For example, a large class of trans-
ients could lead to both the loss of the heat sink for the
primary coolant, and the loss of ECCS. This would re-
sult in the bpi1. -off of the primary coolant in a period of
hours. In this class are fires and massive electrical
failures. The remedy here might be to provide an alter-
nate heat sink, such that convective circulation is suf-
ficient to remove decay heat. It might well be possible
to provide a secondary heat exchanger to a passive,
manually actuated auxiliary coolant system, made large
enough to remove decay heat. If this could be done
economically, it would protect against a large class of
transients, whose likelihood might be significant but is
extremely difficult to estimate.

Since 1969 the AEC has been actively working on an-
other class of transient accident, the "anticipated trans-
ient without SCRAM. " Work is actively under way to
complete the analyses of failure to SCRAM, and pre-
liminary indications are favorable.

There are transient accidents which fall outside of
these two classes, in particular transients involving
operator error. It is difficult to be certain that one has
been able to identify and protect against all possible
transients. Although it is possible to improve the inde-
pendence of engineered safety features, transient ac-
cidents i.emain a serious concern.

i

C. Quality assurance

In the study of the primary system integrity and trans-
ients, we recognized that the safe operation of a reactor
depends heavily upon maintaining the high quality of com-
ponents and the high reliability of reactor systems
Quality assurance (QA) encompasses those procedures
necessary to assure that the specifications written into
the design and operating plans of a facility are met in
practice, throughout the sequence from design to fabri-
cation, testing, operation, and maintenance. It' is the

role of the AEC Office of Regulation to ensure that QA
procedures are adequate to protect the public. This
role is important but difficult because large commercial
reactors are among the most complex devices ever
built, and it is not possible for even a trained expert to
inspect such a facility fully. The difficulty will be ex-
acerbated by the tremendous growth anticipated in the
nuclear industry, since the AEC will need more and
more inspectors but will be competing for qualified
people with the reactor industry itself. It is our opinion
that possible future problems of QA may be an impor-
tant limitation on safety in the nuc1.ear power industry,
especially if we are lulled into complacency by a long
period of safe operation of reactors.

Two issues must be addressed: (1) what is the ade-
quacy of the present level of QA, and (2) what should be
done to guarantee a persistently high level during the
planned expansion of the industry? For the latter issue,
we can do little more than underline the potential prob-
lem. For the former, we have found that, to our knowl-
edge, no objective and quantitative measurements of the
present QA system's effectiveness exist, even though
there are a number of possible ways to go about making
such measurements. We strongly recommend that such
an objective measurement program be instituted, and
below we suggest some forms that such a program might
take.

Because of widespread understanding of the importance
of QA, the nuclear industry has a multifaceted QA pro-
gram, designed to assure a reliably high level of human
performance. The AEC in turn, through its regulations,
attempts to insure that each sector of the nuclear in-
dustry maintains adequate QA procedures. In the AEC
philosophy there are four levels of QA: (1) Each per-
son has the responsibility to assure the quality of his
own work. (2) The organization in which the individual
works has the responsibility to assure his quality of
workmanship through management, inspection, training
programs, and supervision. (3) The ultimate user of a
piece of equipment bears the responsibility for its quali-
ty (usually, this means the utility which owns and oper-
ates the plant). The utility has responsibility not only
for its own QA program, but also for the QA programs
of its suppliers, contractors, and subcontractors. For
example, the utility must assure itself that the QA pro-
gram of each manufacturer of important components is
satisfactory, must take ultimate responsibility for QA
failures of the architectural and engineering firm that
constructs much of the plant, and must incorporate a
description of the reactor vendor's QA program as a
part of its Safety Analysis Report. (4) The AEC,
through its Regulatory staff, has an inspectorate
charged with the responsibility of making the entire sys-
tem work well. The AEC philosophy places the AEC in-
spectors more in the role of administrative auditors
than of physical inspectors. An AEC inspector, upon
visiting a site on either an announced or unannounced
inspection, typically examines a representative sample
of the QA records kept by the utility. These records
provide the written documentation of each inspection
and QA check performed, and include reports of all ab-
normal situations found. Besides this inspection of
records, the AEC inspector performs certain physical
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inspections himself, usually in a random spot-check
approach but with special attention to areas which have
given recent trouble. For example, the instructions
for a surprise inspection might include the following:
"Inspect any four of the control room panel voltmeters,
including among the four at least two which required
repair or recalibration within the past three months
(if at least two such exist). " Such physical inspections
are supplemented by interviews, some specified and
some randomly chosen, with various utility personnel
at different levels of responsibility.

This system will work well if there are few errors
with safety significance, and if the licensee's program
uncovers and corrects these few errors with sufficiently
high probability. If both of these conditions were not
met, assurance of public safety would require a far
more thorough AEC inspection. It is clearly. important
to have a quantitative objective measure of how fre-
quently significant errors now escape detection. In
fact, it is necessary that the poorest licensee QA pro-
gram acceptable to the AEC be good enough to protect
the public safety at some reasonable level of risk.
There are many sources of information that can cast
some light on this question.

(1) The AEC auditing and spot checking program finds
errors from time to time (the majority of which do not
have significa, nt safety implications). There is informa-
tion in these data which, if compiled and analyzed well,
might enable a. quantification of how well the present QA
system is working.

(2) The licensees report abnormal occurrences as they
happen. It may be possible to make a more thorough
analysis of these occurrences.

(3) Measurements of the error detection efficiency of
the inspection staff, obtained by double inspection pro-
cedures, could provide indications of the probability that
a significant error escapes detection.

(4) The individuals who work within the QA system
should know how well it is working, although such in-
formation is hard to quantify.

(6) Study of specific incidents may be a source of in-
formation which could not be uncovered in statistical
studies.

(6) Studies of comparable or related systems ca,n pro-
vide insight into how well the nuclear QA system should
be expected to function, and, may help to indicate whether
significant improvements ca'n reasonably be expected.
Examples include nuclear QA programs in other coun-
tries, as well as non-nuclear QA programs of compar-
able complexity.

Unfortunately, none of these various approaches to
quantification is developed sufficiently to enable us to
pass quantitative judgment. Therefore, what we have to
say rests upon our own qualitative judgments, combined
with input from individuals who are in the system. Such
inputs are not hard to come by. They cover the entire
range from full confidence to expressions of serious
doubt, a range which is in itself troublesome to us. This
may mean that QA performance is nonquantifiable; it
surely means that it has not yet been quantified in a way
which is understood in the QA community.

Our approach has been to analyze some of the data
available on QA failures, including the summaries of ab-
normal occurrences reported to the AEC, a few specific
incidents in which QA failure has played a role, a.nd in-
formal information from AEC staff members and con-
sultants. We have also considered the analysis in the
draft of the recent AEC Reactor Safety Study (WASH—
1400), in which potential QA failures seem to pla. y a
significant role in some important accident sequences.
It is clear to us that the present QA program misses at
least a few errors per year which have actual or poten-
tial safety significance, but it is not at all clear whether
it is necessary, prudent, or even possible to improve
the system significantly. We simply do not know whether
the undetected errors really represent the bare mini-
mum, given human frailty; whether they are important;
or whether the expenditures necessary to eliminate them
might not be more fruitfully spent in other safety-related
areas. However, we do believe that the efficiency is in
some measure quantifiable, and we strongly recom-
mend that measures be taken toward this end, both from
the analysis of experience already reported and from
new measurements on the QA system.

The quantification of QA performance, using one or
more of the methods we have outlined above, has some
specific, identifiable benefits. The most important is
that better data will be available concerning whether
the present system is now sufficient to protect the public
safety, and whether the quality of the QA program is
maintained as time passes. Another important benefit
is that it provides a basis for the more efficient use of
available QA resources, by revealing which areas are
weak and which are strong. Sti1.1 another is that quanti-
fication enables more direct comparisons among QA
programs at different reactor installations.

Among the more promising approaches to quantifica-
tion are more thorough analyses of data which now exist
or are being taken now but for other reasons; and a
program of partial double inspection by the AEC. In
such a double inspection program, two inspectors would
independently inspect the same items at the same in-
stallation in succession but without communication. At
a level of about 10% of the total of all inspections, this
might go far to determine how well the present QA sys-
tem works. If done in a controlled way, such a double
inspection process might fulfill the basic need under
discussion here, by determining in a statistical sense
to what extent significant errors may truly escape de-
tection, thus calibrating the last level of QA. To our
knowledge, there is now no such double inspection pro-
gram within the AEC.

In summary, we feel that attention to QA issues is
important because lapses in QA may be important con-
tributors to the overall risk to the public from nuclear
reactors. We have not been able to find quantitative
measurements of how well the present QA program is
working, and this concerns us, because without such
measurements there is no good way to keep tabs on
whether the overall QA program is (and will continue in
the future to be) adequate for safety. We have suggested
a number of possible approaches to obtaining better in-
formation, among them a double inspection program and
better analyses of the data which now exist.
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D. Operator error

In studying the compilations of abnormal occurrences
reported to the AEC by nuclear licensees, it is apparent
that a significant number of them were either caused or
aggravated by operator errors. For example, of the
861 such abnormal occurrences contained in the AEC
compilation for 1973 (AEC/OOE, 1974b), 132 (about 15/0)
were attributed to "personnel error. " Of course, most
of these incidents seem to have had little or no signifi-
cance for safety, but a few had either potential or direct
safety significance. Also, analysis of a few of the more
significant incidents reveals that operators frequently
make errors of both commission and omission (AEC/
OOE, 1972). From these and other data we conclude
that from time to time the mistakes made by operators
can have safety significance.

We limit this discussion to Reactor Operators and
Senior Reactor Operators, both of which are well-de-
fined positions requiring licensing under AEC regula-
tions. A prospective operator must undergo extensive
training prior to being licensed; a license must be re-
newed every two years; and recently the AEC has im-
posed the requirement that each reactor licensee (utility)
establish a requalification program (lectures, opera. —

tional training, and written examination) in order to
maintain and upgrade the competence of its operators.
These requalification programs, whose technical content
is generally of high level, appear to have been designed
more for upgrading than for mere enforcement, a philo-
sophy which seems appropriate to us.

When we inquired into the overall quality of operators,
we found a consensus in the industry that the training,
1.evel of overall competence, and motivation of the oper-
ator staffs are excellent, and that their training is ap-
propriate for the job. This general feeling of confidence
seems to be widespread. We have not come to an inde-
pendent judgment on this issue.

How is the high community opinion of the operators
to be reconciled with the fact that operator error con-
tributes to a significant fraction of the abnormal oc-
currences'P Two important effects help to account for
the operator errors. The first is a general inadequacy
in human engineering of the control room and control
consoles, and the second is that in emergency situa-
tions there are limits on what can reasonably be ex-
pected of operators.

On the human engineering issue, we concluded, during
visits to several nuclear plants, that the control con-
soles were generally inadequate compared to similar
consoles fa.miliar to several of us (accelerator control
rooms, air traffic control rooms, etc.). This point has
also been noted in WASH-1400 Draft:

In general, the design of controls and displays and
their arrangements on operator panels. . .deviate
from human engineering standards specified for the
design of man-machine systems and accepted as
standard pra. ctice for military systems. " (Appen-
dix III, p. 136.)

WASH-1400 Draft also notes that the quality of written
instructions provided to ope rator s is low.

The other important observation is that in emergency

situations, one should not expect consistently high per-
formance from operator crews. This observation is the
result of several classic studies on human performance
in emergencies, and should come as no surprise to any-
one familiar with reactions of individuals under high
pressure or in severe emergencies.

Considering the vast number of possible accident sit-
uations, it is clear that neither training nor written
manual procedures can anticipate them all. Hence,
some operator intervention based on decisions in real-
time must necessarily be allowed for. Yet we have con-
cluded that the typical reactor control room has cer-
tainly not been automated to the extent desirable. The
reasons are many and even conflicting. Perhaps the
foremost is historical, since acceptance of control se-
quence automation of routine functions has always been
a slow process. Another consideration is that manual
control of a certain number of parameters keeps the
operators alert and allows them to feel that they are in-
deed operating the reactor. Fina1ly, it is argued that
automatic systems may be less reliable than manual
systems, may be more costly to install and maintain,
and may be more difficult to license. A good overview
of problems with automation has been given by Epler
a.nd Oakes (19'l3).

We feel that increased control sequence automation
will have significant impact not only on safety but also
on plant reliability, which has its own indirect safety
implications. Our confidence is based in part on recent
studies of the subject within the nuclear control com-
munity itself, for example as reviewed in the recent
"Symposium on Power Plant Dynamics, Control, and
Testing" (ANS, 1973).

Discussion of this point is now widespread in the com-
munity, and the American Nuclear Society has sponsored
a committee whose charter is to study computer usage
in the control of nuclear power plants and to recommend
a standard for the design of such computer systems, if
appropriate. This group has considered the full range
of possible modes of automation, from nearly complete
computer control of emergency functions to the use of
computers in a. purely advisory (data-presentation)
capacity. As of late 19'l4 the committee has not yet
completed its work. One difficulty which has been
recognized by the committee as contributing to slow ac-
ceptance of computer usage is that the licensing of such
systems requires a demonstration that they are at least
as "safe" as the existing systems. . .a demonstration
which is essential but difficult. We recommend that
this issue be given. prompt, high-priority attention in all
sectors of the industry. There seems to be inadequate
incentive for automation, possibly because of the added
capital expense but also because of perceived difficulties
in getting such systems approved for licensing. One
reactor vendor who has offered an automated data-pre-
sentation system as part of its control room package
for some time has had only limited success in convincing
utilities to buy this option.

A very important part of operator training and retrain-
ing is the use of simulators. Within the past few years,
the number of control-console simulators in use has
expanded greatly, and their role in operator training has
been strongly endorsed by the AEC (Code of Federal
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Regulations, 10 CFR 55, Appendix A). We applaud this
trend. Unfortunately, only recently has much thought
been given to programming these simulator consoles for
a variety of abnormal, accident-type situations. These
accident-simulator programs, which we endorse and
encourage, could serve not only the purpose of operator
training, but three other purposes as well: to help the
industry to understand whether or not actual consoles
are human-engineered to enable operators to cope with
accidents; to provide a training bench for control-se-
quence automation programs, by testing them against
simulated accidents; and to provide some data, (albeit
an upper bound) on how well operators respond in vari-
ous accident situations.

In summary, we recommend improvements in the hu-
man engineering of reactor consoles, encourage further
control-sequence automation, and suggest that there be
a more vigorous use of simulators for training oper-
ators to cope with abnormal and even accident condi-
tions.

E. Sabotage

It is conceivable that a group of people might threaten
ar carry out sabotage of a nuclear power plant in such
a may as to cause great damage and loss of life. Po-
tential reservoirs of radioactivity that might be re-
leased by acts of sabotage include liquid and gaseous
waste storage facilities, spent fuel, and the reactor
core itself. We see no way to estimate the probability
that such acts might be attempted either for coercive or
outright terrorist purposes, but it is possible to esti-
mate credible ranges of possible damage, in terms of
fatalities, illnesses, and property denial and decon-
tamination costs. It is also possible to analyze specific
plants and existing or hypothetical plant physical se-
curity measures to determine their vulnerability to
sabotage attempts of various kinds.

It is difficult to conceive of acts of sabotage at a nu-
clear plant that could kill substantially more people or
cause more property damage than mould result from the
worst type of accident that could be caused by equip-
ment failure —i.e., a core meltdown soon after shutdown
of the reactor, accompanied by failure of the contain-
ment structure. Nevertheless, we have seen no
thorough and realistic analyses designed to establish
credible ranges of damage (in terms of immediate
fatalities, latent cancers, short- and long-term denial
of the use of property, decontamination costs, and pos-
sible effects of public panic) from successful sabotage
at specific nuclear power plants located near densely
populated areas under the worst credible weather condi-
tions. The estimate of approximately 2000 fatalities
and 5 billion dollars in property damage resulting from
"worst case" accidents presented in Draft WASH —1400,
for example, is an average for several reactors close
to especially densely populated areas, under the "worst"
weather conditions for those areas. Even this estimate,
furthermore, may underestimate the number of delayed
casualties and the property damage for the case that was
considered (See Sec. V of this report).

We are also unable to judge whether or not reactor
sabotage, under the worst conditions, would present a

more severe threat to society than some other conceiv-
able types of nonmilitary acts of violence that might be
accomplished by non-nuclear means (e.g., large-scale,
systematic arson in a densely populated area; dispersal
of chemical or biological poisons in enclosed areas or
water supplies).

It is nevertheless imprudent, we believe, to assume
that there is negligible probability that an inadequately
protected nuclear power plant might be used as means
for purposeful acts or threats of large-scale violence.
Furthermore, it is possible to conceive of circumstances
in which the use of explosions, for example, to disable
a nuclear power plant, without an explicit intention to
release dangerous amounts of radioactivity, might act-
ually result in a significant hazard to the public. If such
an event occurred in a foreign country where acts of ter-
rorism are fairly common, this might stimulate similar
action in the United States, either for terrorist or
coercive purposes.

In the course of our study, we considered several pos-
sible ways to cause intentionally a LWR core meltdown
and containment rupture. A subgroup of our working
group was given a classified briefing by an AEC con-
tractor that had arrived at some preliminary results of
a study of sabotage of a specific LWB power plant.
Based on our findings we recommend that detailed
studies be carried out to determine the consequences of
various acts of sabotage at specific power plants near
heavily populated areas, the costs and effectiveness of
countermeasures designed to prevent such acts, and
the effectiveness of alternative contingency plans for
reaction to such acts or threatened acts. Although the
AEC has recently sponsored studies of this subject, we
believe that more detailed studies are likely to suggest
further actions that would reduce the vulnerability of
nuclear plants to sabotage, at reasonable cost and with-
out excessive interference with normal plant opera-
tions. In carrying out such studies, we suggest that
particular attention be given to

emeans to assure that the reactor is shut down before
unauthorized people can gain control of any area im-
mediately adjoining any item of vital equipment.

+high confidence methods of communication to off-
site law enforcement control centers immediately fol-
lowing any indications of either unauthorized entry into
the plant or unauthorized actions in the vicinity of items
of vital equipment.

~detailed analyses of the range of credible off-site
consequences (for specific sites) of actions designed to
cause core meltdown, as a function of the time after
shutdown at which the actions are accomplished.

edetermination not only of the direct costs of addi-
tional countermeasures but also of their effects on nor-
mal plant operations and on-site safety.

eassessment of the use of protective security per-
sonnel who are federal employees and have full law-en-
forcement authority, rather than personnel provided by
private security services or armed plant employees
who do not normally have such authority.

edetermination of the total costs of plant security
systems as functions of their overall effectiveness as
measured either by the reduction in the probability that
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sabotage could take place or by the reduction-in the
maximum consequences of sabotage.

~ involvement in the studies of people with extensive
professional experience in the fields of physical security
protection and sabotage-counter sabotage operations.

Preliminary looks at several possible improvements
of current physical security at nuclear power plants in-
dicate to us that significant counter-measures to sabotage
could be implemented at reasonable cost and without
interfering with normal operations.
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V. COURSE OF AN ACCIDENT
The preceding discussions focused on events and

causes that could lead to a loss of the normal core cool-
ing for an operating nuclear reactor. This portion of the
report is concerned with what happens if there is a loss
of normal cooling. Analyses have indicated that a large
break in the primary system piping resulting in a loss of
coolant could have large potential radiological conse-
quences to the public. We will discuss the development
of such an accident, beginning with a discussion of how
such an accident might progress with an effective emer-
gency core cooling system (ECCS).

The ECC S is intended to prevent ser ious damage to the
reactor in the event of a loss-of-coolant accident (LOCA),
and all operating power reactors are equipped with them.
If the ECCS were to function adequately, fuel cladding
temperatures would be maintained well below the melting
point. Although some fuel swelling and rupturing may
take place (with consequent release of stored gaseous
and some volatile fission products), the reactor core will
be maintained in a "eoolable geometry" so that massive
core distortion will not take place. In principle, brittle
failure of the fuel rods during the quenching process, as
the rods are cooled in the hypothetical accident, would
also be prevented by successful ECCS operation. The
ECCS is also designed to provide the long-term cooling
necessary to remove the slowly decaying energy produc-
tion of the reactor's fission product inventory for as long
a period as is necessary following the LOCA.

As part of its reactor licensing and evaluation respon-
sibilities, the AEC has formulated a set of "Acceptance
Criteria" which specify minimum acceptable standards
for ECCS performance. In the absence of completely
definitive test procedures for system performance, these
criteria specify methods by which the analysis and eval-
uation of ECCS function must be performed. The crite-
ria prescribe required and acceptable features of evalua-
tion models which are used to calculate the cooling per-
formance of the ECCS. We will discuss and qualitatively
evaluate the Acceptance Criteria; review several meth-
ods for quantifying the evaluation of their adequacy; and
discuss briefly the possibility that alternate or modified
ECCS concepts may result in greater confidence in the
adequacy of emergency core cooling system perfor-
mance.

We will discuss containment behavior for LOCAs with
and without effective emergency core cooling, and inves-
tigate the potential radiological consequences to the pub-
lic if the containment should fail. This includes an anal-
ysis of. one of the more severe reference PWR accidents
treated by Draft WASH-1400. Ways in which the conse-
quences of a large release of radioactivity could be mit-
igated will be suggested in conclusion. .

A. Description of a loss of coolant accident (LOCA)

As discussed in Sec. III, the LOCA is the principal de-
sign basis accident against which the effectiveness of the
ECCS is evaluated. Although the ECCS is intended to
cope with a wide range of possible breaks in the primary
system piping, most attention has focused on the sudden
severance of the large diameter cold leg pipe for the
PWR or of the recirculation jet pump inlet pipe for the

BWR. Postulated breaks of these lines have generally
been found to impose the most severe demands on ECCS
performance for both types of reactors.

In evaluating ECCS performance during a LOCA, the
Acceptance Criteria prescribe that the reactor is as-
sumed to be operating at 102% of full power before the
hypothetical accident, thus including a margin for such
factors as instrument error. The temperature of the
zircaloy cladding at this time would be near that of the
adjacent water, in the neighborhood of 600'F. The aver-
age temperature of the hottest UO, pellet would be well
above 2000 F with a peak temperature in the center
greater than 4000'F. The excess heat content of the
UO, at this average temperature, called the "stored
heat, " is approximately proportional to the power density
and is affected by the thermal resistance of the "gap" be-
tween the UO, pellets and the cladding. The stored heat
is important because it would contribute significantly to
the early temperature history of the cladding, in the
event of a LOCA.

Since the reactor 'system response, and hence ECCS
requirements, would be fundamentally different for
small breaks than for large ones, we will describe both
LOCA phenomena separately below.

't. Small LOCA

If a small break or leak were to develop, sensors
would note the drop in reactor system pressure and auto-
matically cause (i) the chain reaction to be shut down
rapidly by SCRAM and more slowly through the addition.
of poisoning boron compounds to the coolant and (ii) the
operation of high-pressure injection systems (discussed
in Section III) which inject coolant at or near the actual
reactor operating pressure. The fuel in the core would
then cool down as the stored heat of the reactor core,
primary system internal energy, and a decreasing
amount of fission product decay heat were removed by
the flow of the coolant as driven by either pumps or nat-
ural convection.

2. Large LOCA

LOCAs could range in size up to a break of the largest
pipe in the primary system (which may be approximately
one meter in diameter). As the primary design basis
accident by which the adequacy of the engineered safety
features (especially the ECCS) of each plant is mea-
sured, the AEC ha.s chosen the hypothetical severance of
the largest pipe inthe primary system. The break is as-
sumed to occur instantaneously, in such a way that the
reactor coolant would discharge unimpeded from both
ends of the severed pipe. This type of break is referred
to as a "double-ended guillotine break. " The sequence
of events describing the core history in a large LOCA of
this type with effective emergency core cooling can be
divided into four periods: blow'down, refill, ref lood, and
long-term cooling. ' This assumed sequence is de-

See Appendix I for a more comp1ete description of a LOCA
with an effective ECCS.
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scribed in more detail below. The successful resolution
of a large LOCA, from pipe break until control of the
initial thermal transient is achieved and long term
cooling begins, might take as long as 3 to 5 minutes. Of
that time period, blowdown (the period of rapid pressure
decay and coolant expulsion in the reactor) might take
from 20 to 30 seconds in a PWR, or as long as 30 to 60
seconds in a BWR. Peak temperatures during ref looding
of the reactor core would probably occur 1 to 2 minutes
after a LOCA initiation for both PWRs and BWBs. Fol-
lowing termination of the initial temperature transient,
long-term cooling would be required for an indefinite
period, until active recovery procedures w'ere instituted
for the plant facilities.

Period 1: Blowdown

Following the hypothetical severance of the large cold
leg pipe, there would be a violent pressure release, or
blow'down, during which most of the w'ater originally in
the reactor pressure vessel would be expelled into the
containment structure. Very early in the LOCA, the
prompt fission heating would stop as the density of the
water moderator decreased. At the same time, the
cooling of the outside surface of the zircaloy cladding
would diminish sharply because of the altered hydro-
dynamic flow. Under these conditions, the temperature
variation across the uranium dioxide and the zircaloy
due to the stored energy of the fuel would tend to even.
out, dropping the peak temperature at the center of the
UO, and increasing the temperature near the UO, sur-
face and the zircaloy cladding. If there were no heat
removal from the outer surface of the zircaloy, its
temperature w'ould quickly approach the average tem-
perature of the UO„approximately 2000'F. Fortunate-
ly an appreciable amount of the stored heat would be
removed during- blowdown by the rushing water and
steam as they escape from the reactor vessel, thus
limiting the initial rise in temperature of the zircaloy.
Even so, estimates made with approved ECCS evalua-
tion models of peak temperature during blowdown run
as high as 1700'F.

In addition to stored heat, the fuel pellets would con-
tinue to be heated by the radioactive decay of the fission
products and of the short-lived actinide elements that
were produced during reactor operation. At shutdown,
decay heat amounts to approximately 7% of the rated
thermal output of the plant, but decreases rather rapid-
ly for a short time thereafter. Thus, a plant with an
electrical capacity of 1000 MW —with consequent thermal
capacity of about 3300 MW —would produce about 230 MW
which must be dissipated immediately after shutdown.
Assuming plant operation prior to the LOCA at or near
its rated capacity for at least a period of several months,
the decay heat output would decrease to 5% of rated ther-
mal output 10 seconds after shutdown, drop to 2% after
10 minutes, and reach 1% after 2.25 hours. Within 24
hours after shutdown, the decay heat would fall to about
0.5% of the rated thermal output of the plant.

Though the decay heat would be a substantial contribu-
tion to the energy which must be dissipated during the
initial thermal transient of the LOCA, it is well to keep
in perspective the relative magnitudes of the stored heat

and decay heat released during this period. Stored heat
released during the first minute of a large LOCA might
be equal to, or greater than (by as much as factors of
2 to 4), the energy generated by the decay heat during
the same period. Moreover, if the zircaloy cladding
reached temperatures of about 1800'F or above, addi-
tional energy would be released through the reaction of
the zirealoy w'ith steam to form hydrogen and zirconium
dioxide. For cladding temperatures of 2000 F, or
greater, the energy released from this metal —water
reaction could also be of the same order of magnitude
as the decay heat —at least for periods of the order of
one minute. These heat sources would cause the aver-
age temperature of the fuel rods to start to increase
after the cooling effect of blowdown ceased, with the
temperature of the zircaloy keeping pace with that of
the fuel pellets.

As the pressure decreased in the ruptured nuclear
steam supply system during blow'down, ECC fluid would
be injected into the reactor in order to replace the lost
coolant. ECC coolant would generally be injected into
the cold legs of a PWB, or directly into the pressure
vessel head above the core for a BWR (see figures in
the Primer, Sec. III). In the most severe LOCA sce-
narios, all of the emergency core coolant that would
be injected into the reactor during blowdown is assumed
to be entrained by escaping steam and liquid (expelled
during flow reversal through the core) and carried di-
rectly out the break without ever collecting in the bottom
of the pressure vessel.

Hydraulic forces that would result from the blowdown
are not expected to be significantly disruptive to the
core. However, the greater potential for disruptive
changes in the core geometry during blowdown would be
associated with possible swelling and rupture of the fuel
rods. During fabrication, fuel rods are pressurized with
helium to approximately the operating pressures of the
reactors. During normal reactor operation, gaseous
and volatile fission products are generated and retained
within the fuel rods, increasing internal pressures. If
the fuel rod cladding becomes too hot during the LOCA,
the internal pressures would exceed the yield stresses
of the zircaloy and localized fuel rod swelling would oc-
cur. If temperatures got above 1400'F during blowdown,
substantial swelling and rupture of the cladding would be
expected.

Penod 2: Refin

Refill is defined as the period following blowdown after
the flow of fluid though the break is negligible. During
refill, the ECC fluid would no longer be expected to by-
pass the core —as it might during blowdown —but would
begin to fill the primary pressure vessel. The refill
period would continue until the coolant reached the
bottom of the core. Fuel rod cooling during this period
would occur only as a result of natural convective cur-
rents in the steam-filled core; and consequently cooling
during refill would be the poorest of any period in the
LOCA.

As a result of the poor cooling capacity during the re-
fill period, core temperatures at the hottest portion of
the core would begin to rise, because of decay heat, at
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rates of approximately 15'-20'F/second for PWBs and
9' —12'F/second for BWBs. If they started from 1500'F,
local core regions would reach temperatures greater
than 2000 F within 30 to 60 seconds. At these tempera-
tures, the zircaloy- steam reaction beg ins to bec ome a
significant energy source. It is therefore important that
the ECCS begin cooling the core as rapidly as possible,
with ref looding being initiated before such elevated tem-
peratures are reached.

Period 3: Reflood

Ref looding is defined to begin when the ECC fluid
reaches the bottom of the core. The temperature ex-
cursion would eventually be terminated during this
period as fluid refills the core. At the beginning of the
LOCA, the reactor's power-producing chain reaction
would be shut down by SCRAM and/or the loss of the
coolant-moderator. During ref lood, steps would be
taken to assure that the chain reaction would not be
reinitiated. SCRAM, which would normally already
have occurred, would prov'ide such insurance and neu-
tron absorbing poisons (such as boron) would also be in-
jected along with the emergency coolant.

Both PWRs and BWRs have ECC systems in which
water would ref lood the reactor. In BWRs the ref lood
would be provided by water from the low-pressure in-
jectiori system and the core spray system. In a success-
ful ref lood, the rate at which the emergency cooling
water filled the core (the ref lood rate) would have to be
high enough to remove the decay heat and heat produced
by zircaloy oxidation. In order to give confidence in
ECCS performance, the calculated ref lood rate should
clearly have a substantial margin over the rate that is
just sufficient to turn the temperature excursion around
in a short time.

As the cooling water reached the hot core, much of it
would be converted to steam; and it is this steam togeth-
er with entrained water droplets that would provide the
initial cooling of the hotter regions of the core. For the
ref lood water to continue entering the core, it must dis-
place the steam, which would have to escape from the
reactor vessel and find its way into the containment at-
mosphere. In the pressurized-water reactors, part of
the steam would have to flow through the steam gener-
ators and pumps to escape through a cold leg break. The
reduction of the ref lood rate by the relatively high resis-
tance to flow in this path is called "steam binding. "
Steam binding is a potentially serious threat to adequate
ref lood rates. The phenomenon will be discussed at
greater length below.

Boiling-water reactors (BWR) would not be subject to
steam binding, because their system design provides a
more direct path for the steam to escape, but the same
requirement for rapid ref looding would have to be met
if excessive cladding damage were to be avoided. Boil-
ing-water reactors do have a core spray system that
would start about 30 seconds after the occurrence of the
break, but its cooling effect on the central rods of a
fuel bundle might be insufficient, in itself, to prevent the
fuel from exceeding acceptable temperature limits.
Without the support of the low-pressure injection sys-
tem, the performance adequacy of the ECCS would be in

ser ious doubt for the BWRs.
As the thermal transient terminated and the fuel rods

began to reach temperatures at which quenching could
occur (from about 700' to 1000'F), the fuel rods would
undergo very large stresses. At this time, if the metal-
water reaction had induced significant oxidation of the
zircaloy cladding, brittle failure of the fuel rods might
occur. Such failures migh release fuel pellets and clad-
ding fragments which could block coolant passages and
reduce the cooling hazardously, if the failures occurred

- in significant numbers.

Period 4: Long-term cooling

In this period cooling would be maintained to ensure
the long-term dissipation of the decay heat.

B. ECCS analysis and evaluation methods —Acceptance
Criteria

On June 29, 1971, after a review by the AEC Regula-
tory Staff and the Advisory Committee on Reactor Safe-
guards established that the current procedures for eval-
uating ECCS performance were of uncertain adequacy,
the AEC published a set of "Interim acceptance Crite-
ria" establishing minimum standards for analyzing and
evaluating all ECCS designs used by reactor manufac-
turers. These criteria were the subject of lengthy public
rulemaking hearings during 1972 and 1973. The hearings
required a total of 125 days of oral testimony and gen-
erated over 22 000 pages of transcript and thousands of
pages of written testimony and exhibits. Participating
in the hearings were the AEC Regulatory Staff, all four
U.S. LWR manufacturers, a consolidated group of elec-
tric utilities, and the Consolidated National Interve-
nors —a group of about 60 organizations and individuals
whose principal technical representatives were Henry
W. Kendall and Daniel F. Ford. As a consequence of the
hearings, a revised set of Acceptance Criteria" were
promulgated by the AEC on December 28, 1973. These
criteria, supported by a lengthy and detailed statement
of the opinion of the Commission, were substantially
more conservative and comprehensive than the Interim
Acceptance Criteria.

1. Acceptance Criteria elements

The Acceptance Criteria are quite general in nature,
specifying only five items. These five criteria ele-
ments, which are calculated consequences of the most
serious LOCA in which the ECCS is assumed to function,
are:

(1) Peak Cladding Temperature —the calculated maxi-
mum fuel element temperature must not exceed 2200 F.

(2) Maximum Cladding Oxidation —in order to limit
oxidation- induced fuel rod embrittlement, the calculated
equivalent stoichiometric oxidation of the zirconium
cladding for the hottest rod shall not exceed 17% of the

~~The Acceptance Criteria have been reproduced in fu11 in
Appendix III.
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total cladding thickness before oxidation.
(3) Maximum Hydrogen Generation —the calculated

total amount of hydrogen generated from the chemical
reaction of the zirconium cladding with water or steam
throughout the entire reactor must not exceed l~lo of the
total amount which could possibly be generated if all of
the metal in the fuel cladding were to react.

(4) Coolable Geometry —all calculated changes in the
core geometry shall leave the core amenable to cooling.

(5) Long-Term Cooling —assuming successful initial
operation of the ECCS, the system shall be capable of
maintaining calculated core temperatures at acceptably
low levels by removing the long-lived fission product
decay heat remaining in the core over whatever extended
periods of time are required.

titative evaluation of the performance adequacy of the
ECCS proved to be beyond our scope (and beyond that of
all others who have examined the question to date). How-
ever, we shall discuss the several methods which might
be used to perform such an evaluation. Finally, we shall
discuss the possibility of development of alternate or
modified ECCS concepts which might improve ECCS per-
formance.

't. Nominal adequacy of ECCS design elements

Physical descriptions of the basic elements of the PWR
and BWR ECCS have been presented in Sec. III. We shall
not repeat that description here except to note that care
has been taken to assure that ECCS fluid delivery sys-
tems for all power reactors of current design are quite

2. Criteria-specified evaluation models

As is readily apparent, the above criteria prescribe
only the calculated system response to a LOCA. Conse-
quently, the criteria also include by specification "Re-
quired and'Acceptable Features of the Evaluation
Models. " These elements of the criteria provide more
detailed enumeration of the features of the calculational
codes which must be used for ECCS performance evalua-
tion. Only a summary outline of this portion of the crite-
ria will be included here as Table VIII. A complete list-
ing of the Acceptance Criteria is presented as Appendix
III. The outline given in Table VIII does show, however,
the kind of detail necessary to provide the required stan-
dards for the adequacy of the calculational procedures.

The complexity of modeling LOCA response/ECCS
performance will be discussed in more detail below.
However, it should be noted that the principal problem
of the criteria formulators has been to assure'that the
overall system response has been conservatively pre-
dicted. Many elements of the evaluation models are un-
certain and no large-scale system tests exist against
which to evaluate overall system modeling; consequent-
ly the AEC has attempted to prescribe each of the dis-
crete parts of the evaluation models conservatively. The
implicit assumption behind this endeavor is that if all
parts, of the evaluation models are prescribed conserva-
tively, then the resulting calculated system performance
must also be conservatively prescribed. If this assump-
tion is valid, it could clearly lead to over-designing of
the system. However, the complexity of the evaluation
models and the ranges of uncertainty in their elements
make it extremely difficult to provide a conclusive de-
monstration of the validity of this vital assumption. In
fact, though many reactor design experts are qualitative-
ly satisfied that ECCS performance will be adequate, a
quantitative evaluation of the conservatism of the ECCS
performance evaluation. methods may be nearly unachiev-
able, as we will discuss below.

C. ECCS evaluation

In this section we shall discuss the nominal adequacy
of the ECCS to meet the apparent short- and long-term
heat removal requirement for reactors. We shall also
present a qualitative evaluation of the relative conserva-
tism of the elements of the Acceptance Criteria. Quan-

TABLE VIII. Required and acceptable features of the evaluation
model. s.

I. Detailed Specifications are Given for the Following Model
Parameters. ~

A. Sources of heat during the LOCA
l. Initial stored energy in the fuel
2. Fission heat
3. Decay of actinides
4. Fission product decay heat
5. Metal —water reaction rate
6. Reactor internals heat transfer
7. PWR primary-to-secondary heat transfer

B. Swelling and rupture of the cladding and fuel rod thermal
parameters

C. Blowdown phenomena
1. Break characteristics and flow

a. Spectrum of pipe breaks
b. Discharge model (Moody)
c. End of blowdown (PWRs only)
d. Noding near break and ECCS injection points

2. Frictional pressure drops
3. Momentum equation
4. Critical heat flux (CHF)
5. Post-CHF heat transfer correlations
6. Pump modeling
7. Core flow distribution during blowdown

D. Post-blowdown phenomena; heat removal by the ECCS
1. Single failure criterion
2. Containment pressure
3. Calculation of ref lood rate for PWRs
4. Steam interaction with ECC water in PWRs
5. Refill and ref lood heat transfer for PWRs
6. Convective heat transfer coefficients for BWR fuel

rods under spray cooling
7. BWR channel box under spray cooling

II. Required Documentation
Detailed and Specific Documentation of Each Reactor Manu-
facturer's Evaluation Model is Required under the Criteria,
Including:

1. Description (with a complete computer program
listing)

2. Solution convergence demonstration
3. Sensitivity study performance requirements
4. Comparisons of model predictions with applicable

experimental information required
Specification of "General Standards for Acceptability"
of models

See Appendix III for a complete reproduction of the accep-
tance criteria.
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redundant. For example, PWRs have not only separate
pump-driven high- and low-pressure injection systems,
but also have a passive pressurized accumulator fluid
delivery system. All are designed to meet varying needs
for the spectrum of LOCAs which must be considered in
ECCS design. Similarly the BWR has not only high- and
low-pressure core spray systems, but also has a third
large capacity low-pressure coolant injection system.
The independence and redundancy of these systems are
very beneficial design attributes.

Similarly, the nominal capacity of the pump-driven
low-pressure injection systems for both PWRs and BWRs
has been adequately sized to meet the demands of long-
term decay heat removal for the reactors. For example,
the PWR low-pressure injection systems have sufficient
capacity to deliver a flow of 1% to 5% of normal coolant
flow. As discussed in the LOCA description, such flow
capacity in the ECCS should be completely adequate with-
in a few seconds after shutdown. Similarly, the com-
bined outputs of the BWR low-pressure core spray and
injection systems provide a coolant flow of 3% to 12% of
that normal for a BWR. Moreover, both BWR and PWR
low-'pressure systems are supplied by several pumps
on independently wired electrical circuits so that even if
one or more should fail, satisfactory long-term opera-
tion of the system can be maintained. Therefore it ap-
pears that long-term steady-state capacity of the sys-
tems has been well and conservatively designed. More-
over, the designs provide sufficient redundancy in the
system so that single failures of ECCS pumps will not
cause the entire system to break down.

2. Evaluation of Acceptance Criteria elements

Thus the more critical questions are associated with
the adequacy of the phenomenological treatment of the
elements of the Acceptance Criteria, for which we shall
present a qualitative evaluation of some of the more im-
portant elements.

The sequential events of the critical LOCA phenomena
have been discussed briefly above and are presented in
more detail in Appendix I. An outline of the more signi-
ficant elements of LOCA phenomena is presented in
Table IX, along with qualitative estimates of the con-
servatism of corresponding elements of the ECCS Ac-
ceptance Criteria. Again, a more detailed discussion
of the conservatism of the criteria is presented in Ap-
pendix I.

a. Energy sources

The energy sources during the LOCA, as outlined in
Table IX, are of critical importance to the coupled
thermo-hydrodynamics of the reactor response to emer-
gency core cooling. As noted, methods for the treat-
ment of each individual element of the energy sources
are prescribed in the ECCS Acceptance Criteria in at
least a moderately conservative fashion. Although the
prescription of the individual elements of the energy
sources may not be strongly conservative when con-
sidered separately, when taken as a whole the con-
servatism of all the energy source elements appears
to be adequate.

Only one reservation exists in our minds with respect
to the treatment of LOCA energy sources in the ECCS
Acceptance Criteria. The potential for LOCA- induced
failure of steam generator tubes is not covered by the
criteria. Based upon evidence of substantial steam gen-
erator tube corrosion with frequent consequent leaking
under normal operating conditions for most PWRs (Bab-
cock 5, Wilcox reactors appear to be exceptional cases
with few or no steam generator tube corrosion prob-
lems), it appears that steam generator tube failure dur-
ing the LOCA is an event of significant probability. Fail-
ure to consider steam injected from the PWR secondary
into the primary reactor coolant loop is potentially a
very serious weakness in the overall conservatism of
the specification of energy sources in the Acceptance
Criteria.

h. Structure behave or

Specifications for methods of analyzing the structural
response of most elements of the nuclear supply sys-
tems are not included .in the ECCS Acceptance Criteria.
Nevertheless, calculations for the design of the struc-
tural response of the system during a LOCA are ap-
parently regularly and carefully conducted. However,
it seems that the omission of structural response
criteria is an oversight which may be nonconservative.
Specification of criteria in this area would be desirable.

Two special cases of structural behavior are included
in the Criteria which should be discussed: (1) those per-
taining to fuel rod cladding brittle failure due to thermal
shock during ref lood and (2) massive core migration and
pressure vessel melt-through in the event of fuel melting
due to ECCS failure.

The ECCS Acceptance Criteria specifications of peak
cladding temperature limits of 2200' F and metal-water
reactions limits of 17% equivalent stoichiometric oxida-
tion have been specifically designed to preclude thermal-
shock-induced brittle failure as a cladding failure mech-
anism. However, the experimental results upon which
the criteria are based do not entirely assure ductile re-
sponse of the cladding when subject to the limiting tem-
perature-oxidation conditions. The results suggest, in-
stead, that the cladding may be left in a partially ductile
condition for which brittle failure during quench cannot
be precluded. Thus there may be a possibility of fuel
rod failure from this mechanism which could contribute to
impaired cooling.

However, assuming nominal power peaking factors
(local power distribution relationships) within the core,
rods which might reach the 2200 F criteria limit are
likely to be localized to a relatively small region of the
core —from 5% to 15% of the total cross-sectional area
of the core. If cladding exposure is limited to within
criteria levels of less than 17% equivalent zircaloy oxi-
dation, then massive melting and core geometry changes
resulting from brittle failure of fuel rods appear unlike-
ly. Since fuel pellets are likely to be relatively cool at
the time brittle failure might occur (on the order of
1000'F), relatively small amounts of material would be
likely to be dispersed when cladding failure occurred.
Consequently, additional mechanical damage induced
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through melting in, the core should be relatively light,
and coolability would probably not be seriously perturbed.

c. Coolant fluid dynam/Ics and core thermal behavior

Of the remaining parameters affecting the core ther-
mal response, i.e. , the heat transfer characteristics

and coolant fluid dynamics, the latter is the more un-
certain. The ECCS Acceptance Criteria specification
of heat transfer parameters during blowdown and refill
periods appears to be adequately conservative, though
data bases for postcritical heat flux heat transfer,
swelling and rupture of cladding and fuel, and cladding
thermal properties need improvement. (AEC programs

TABLE IX. Critical LOCA phenomenological behavior and conservatism of related ECCS criteria. treatment. Criteria adequacy in

relevant LOCA period.

LOCA parameters Blow down Ref ill Reflood

A. Energy sources
l. Initial stored energy
2. Fission heat

Actinide decay
4. Fission product decay
5. P%R secondary-to-

primary system heat
transfer

6. Metal-water reactions
B. Structural behavior

1. Core loads

2. Steam generator
tube loads/failure

C. Coolant fluid dynamics

Ca
C
C
C
OK/W

NT(NC)

NT(NC)

C
NA
C
C
OK/W

NA (negligible
fluid flows)

NA
C
C
OK/W

1. Fuel rod thermal shocks
(clad brittle failure)

D. Core thermal behavior

1. Break flow/location S

2. Frictional AP OK

3. Pump AP OK(WDB)

4. Coolant "by-pas s" OK(% DB)
of col e

5. Blockage and W
radial flow

6. Computational W
models

7. Steam generator NT(NC)
tube leaks

1. ECCS downcomer OK
refill rate

2. Injected ECC
fluid —steam
interaction

1. Reflood rate

S/OK 2. Fluid "carryover"
from core

3. PWR steam binding
a. Pump ~P S(WDB)
b. Steam generator OK

superheat
c. Steam generator NT(NC)

tube leaks
4. Blockage and radial W{%DB)

flow

E. Containment structure
influenc e
1. Pressure buildup

during LOCA
2. ECC related equipment

survival (pumps, spray
washdown, etc.)

1. Critical heat flux
(CHF) /departure from
nucleate boiling

2. Post-CHF heat C(WDB)
transfer

3. Swelling and rupture S{WDB)
of fuel cladding

4. Fuel/clad ther mal OK(WDB)
property models

NT(C?)

OK

1. Post-CHF heat
transfer

NT(C?)

OK

1. PWR ref lood heat
transfer

OK

2. BWR core spray OK

NT(C) b

OK

3. Core migration and S
pressure vessel melt
through

Definition of symbols: S, strongly conservative; C, conservative; OK, adequate or "realistic;" W, weak; NT{NC) not treated
in criteria —nonconservative omission; NA, not applicable; %'DB, weak data base.

Definition of symbols: NT(C?), not treated in criteria-conservatism of omission uncertain; NT(C), not treated in criteria—
omission is conservative.
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are underway to provide better definitions of these
parameters. )

Heat transfer during ref lood has, however, been de-
fined empirically in the criteria in terms of the results
of two experimental programs: the BWR and PWR Full
Length Emergency Cooling Heat Transfer (FLECHT)
tests. These extensive, but controversial, test series
are being utilized, in accordance with ECCS Acceptance
Criteria specifications, in a manner which probably
gives results which are closer to mean values of the data
than they are to a clearly conservative interpretation of
the data. Consequently heat transfer coefficients in the
very important ref lood period can only be considered
adequate and not truly conservative.

Uncertainty in the conservatism of heat transfer co-
efficientss

is exacerbated by even greater questions about
the conservatism of estimates of the quantities of fluid
flowing through the core throughout the LOCA, but es-
pecially during ref lood. No adequate empirical data
exist by which the validity of predicted ref looding rates
can be established. The validity of predictions of ref lood
rates depends entirely upon the adequacy of the calcula-
tional methods by which the results are obtained. It is
generally agreed that the current generation of calcula-
tional methods for ECCS fluid dynamics needs substan-
tial improvement. Consequently the conservatism of
predicted fluid flow rates throughout the LOCA, and es-
pecially during the critical ref lood period, must be con-
sidered uncertain.

d. Steam bind/ng

As previously mentioned, the very real potential for
steam binding in the conventional sense, exacerbated by
steam generator tube leaks in PWRs, may seriously
compound the. heat transfer problem during the LOCA.
It appears that rupture of a few (on the order of one to
ten) tubes releasing secondary steam into the depres-
surized side of the reactor could increase the steam
binding pressure barrier against the injection of emer-
gency cooling water and could severely limit the rate
at which ref looding can occur in a PWR. It should be
noted that if a substantial number of steam generator
tubes were to rupture, the large resulting flow of steam
from the secondary side of the reactor might actually
aid cooling. Homever, it appears more probable that,
if there were any steam generator tube failures. at all,
they would occur in relatively small numbers. Con-
sequently, with the present PWR designs, adequate
cooling may not be possible in the event of steam gen-
erator tube failure during a severe LOCA.

A unique feature of the BWR-.ECCS is that all ele-
ments of the ECC system inject their fluid directly into
the reactor pressure vessel above the core. This fea-
ture of BWR design —together with the reduced com-
plexity for primary system steam flow (no steam gen-
erators are used in BWR designs) —essentially elimi-
nates steam binding as a problem for BWRs.

3. Methods of evaluating ECCS performance adequacy

On the basis of the above-discussions of the Acceptance
Criteria and the qualitative evaluation of their elements,

it is clear that the specified evaluation models are re-
garded as a key element in evaluating ECCS perfor-
mance. The need for high confidence in predicting the
performance of the ECCS has led the AEC to require
use of evaluation models which they feel are adequately
conservative. Two major questions are raised by this
specification. First, is the AEC's definition of "ade-
quate" or "substantial" conservatism acceptable~ Sec-
ond, can a quantitative value be determined for the de-
gree of conservatism of ECCS performance, as is cus-
tomary in the design of many other pieces of equipment
where public safety is involved~

If the degree of conservatism of the ECCS codes is to
be established (assuming they are indeed conservative),
then codes which predict the LOCA phenomena "real-
istically" must also be available for comparison. Un-
fortunately, the theoretical evidence for the adequacy
of either realistic or conservative models is poor.
Moreover, the experimental work which is needed to
test the adequacy of the models has-not yet been com-
pleted (and perhaps has not even been planned). Conse-
quently„ the quantitative evidence for evaluating ECCS
code adequacy is not available.

In this section we will discuss methods by which the
quantitative evidence might be obtained. We will begin
by discussing the basis for "realistic" modeling meth-
ods and comparing them with evaluation models. The
need for analyses of the sensitivity of the codes to the
various system parameters, as amechanism for investi-
gating model conservatism, and for test programs to
provide quantitative measurements of code adequacy will
be discussed.

a. Computer codes
Because of the great complexity of phenomena in-

volved in a LOCA, it is necessary to incorporate the
various models of these phenomena, into computer codes
in order to calculate the dynamic fluid and thermal be-
havior for the reactor system. There mill be some
discussion below' of the validity of these codes, in terms
of the adequacy of their predictions of ECCS perfor-
mance. However, it sh'ould be remembered that the
ECCS codes are not really three-dimensional hydro-
dynamic calculations of the flow of two-fluid systems
in complicated geometries. There is a major program
underway for the improvement of these codes, and the
following is addressed to their current and near-cur-
rent status.

The magnitude and complexity of attempting to describe
a LOCA in rigorous detail throughout a reactor makes
it clearly out of the question to do conventional hydrody-
namics by prescribing a flow field consisting of a defined
velocity, density, temperature, at each point in the re-
actor and then connecting them w'ith' the differen'tial
equations familiar from the study of hydrodynamics in
other contexts. This is a three-dimens ional flow prob-
lem, involving two phases of matter (gas and liquid),
mhich mould instantly exhaust the potential of the largest
computers. The compromise that is made in ECCS
codes is to use a lumped parameter approach to describe
the system in which the reactor is "nodalized" by divid-
ing it into volumes with a prescribed connectivity. Such
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a description is, of course, a very simplified model of
the flow in a reactor. and the extent to which one there-
by simulates the flow is dependent to some extent upon
the complexity of the nodalization. Further, some fea-
tures such as the behavior of pumps must in the end be
treated empirically. Similarly, the jet flow from an
orifice is modeled according to a theoretical upper limit
to the flow. Also, the development of two-phase system
models is really just in its infancy.

In this relatively simple approach to system modeling,
the integrated conservation equations for each nodalized
element of the reactor are obtained by utilizing the usual
stream tube approximation for fluid flow, which assumes
that geometry changes are gradual. Gradual geometry
changes are, of course, not the case in a, real reactor.
Consequently, the credibility of applying the stream tube
approximation must rest upon an extensive program of
testing these simplified codes against a wide variety of
experimental flow situations resembling the real situa-
tion. The degree to which the credibility of this and
other code approximations is being established is a func-
tion of the adequacy of the AEC research program,
which will be discussed in greater detail in Sec. VI.

In any case, it is important to recognize that no com-
puter code now exists which will adequately describe the
detailed flow field in a reactor in abnormal circum-
stances. This description, if it is to come in the fore-
seeable future, must be derived from a sensitive and in-
teractive parallel development of code and experiment,
the latter providing the framework in which. one can re-
solve the hydrodynamic problems into components that
are tractable. Such success is not to be expected in the
very near futuxe, but is not out of the question.

b. Exper/jmental support to code development

For PWBs, some attempts have been made to demon-
strate the validity of "realistic" codes and the con-
servatism of "evaluation models" against experiments
conducted on. the so called "Semiscale" apparatus at the
Idaho National Engineering Laboratory. These experi-
ments with a relatively small-scale (of order 1/1000
in power), electrically heated model of a PWB are dis-
cussed in more detail in connection with the AEC re-
actor safety research program presented in Sec. VI.
However, several of the experiments have been selected
as "Standard Problems" against which to demonstrate
the validity of the AEC and manufacturers ECCS per-
formance codes. To date, correlations of calculations
and experimental results for the "Standard Problems"
have been poor. They have not provided the anticipated-
and sought for —demonstration of the general adequacy
of LOCA/ECCS numerical methods. These and other
problems have caused some people, both within and
outside the AEC, to question. the credibility of the cur-
rent generation of codes. "

An extensive program is being sponsored by the AEC
to overcome the lack of quantitative evidence for evalua-
tion model adequacy through a new and improved gen-
eration of LOCA computational methods and an extensive
experimental program. However, the current experi-
mental program appears to be heavily aimed at resolving

the problems on a "separate-effects" basis, rather than
with systems analysis.

The LOFT program described in more detail in the
discussion of the reactor safety research program (Sec.
VI) is the only major U.S. experimental systems-effects
investigation being conducted (or even planned) to inte-
grate all the elements of the system. Though LOFT is
clearly an important program, its scale is small in com-
parison to PWBs of current design (about 1/60th power).
In Sec. VI, we will discuss the ability of LOFT to provide
answers to the questions of ECCS adequacy. It will be
seen that we consider it unlikely that the AEC program,
as presently conceived, will lead to an assured quantita-
tive demonstration of the ECCS safety margin.

c. Parametric sensitivity stud/ es

The AEC agrees that without adequate system test re-
sults, systematic parametric studies, or codes adequate
to validate the conservatism of the ECCS designs, no
adequate quantitative basis exists at this time for evalu-
ating the margin of conservatism for reactor perfor-
mance under LOCA conditions (AEC/BEG. 1S73, p. 140).
In the absence of quantitative experimental support, a
complementary approach for evaluating the overall con-
servatism of the ECCS Acceptance Criteria would be
to conduct an extensive numerical parametric sensitivity
analysis of system effects. This investigation would in-
volve evaluating the codes' predictions of system re-
sponse to systematic variations through the range of
uncertainties for each of the separate LOCA model
elements. One major goal of a study of this type would
be to verify the assumption that prescribing individual
elements of the models conservatively will results in

a conservative evaluation of total system performance.
Although such a program would be admittedly expensive
and the present computer codes are not very satis-
factory, we feel that such a parametric study would
provide more insight into the relative importance of
ECCS/LOCA parameters and better consequent under-
standing of which ones are most important for con-

There is, however, a legitimate maturation process custo-
marily associated with all large system level codes —the ECCS
codes are no exception to this process. Comparison of recent
results of Aerojet Nuclear Corporation calculations with related
Semiscale experiments have shown greatly improved correla-
tions in comparison with the earlier "Standard Problems. "
Though these experiments were not conducted with the same
rigorous separation of experimental team members and num-
erical code operators that are customary with the "Standard
Prob1ems, " the coincidence of results seems to indicate that
actual code improvements have been made.

Though this is very encouraging, it should be observed that
maturing the codes against results obtained with the Semiscale
apparatus (about 1 MWt vs 3800 MWt for a large power reactor)
may not assure that the codes will work equally adequately
when used to analyze a LOCA in a full-scale PWR. If, how-
ever, the current code versions do equally well when applied
to LOFT (a 55 MWt experimental PWR) then there will be
grounds for significant encouragement with respect to their
adequacy. If they require additional maturation when applied
to the LOFT experiments (which seems probable), then our
confidence in the adequacy of the ECCS/LOCA analysis methods
may not be substantially greater than it is now.
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servative performance estimates. Thus we feel that
this type of project would be worth undertaking.

d. Qua/lItatIve vs. quantitative judgments of ECCS
adequacy

The above discussion should not be taken as implying
that we are terribly pessimistic about the possibility of
developing adequate models and combining them into
equally adequate systems analysis codes. Moreover,
the inability to quantify the adequacy of ECCS perfor-
mance does not necessarily imply that a safety margin
does not exist. Most nuclear reactor experts are con-
vinced that a strong qualitative basis exists for judg-
ments that the safety margin for the system is adequate
(Cottrell, 1974). In fact, many (if not most) of the sci-
entists and engineers involved with reactor design feel

4. Alternate or modified ECCS concepts

It seems apparent that alternative solutions to the
ECCS problem need to be investigated. The problem
would be resolved if a mechanism could be found for
overwhelming the uncertainties in th'e current ECCS de-
sign and modeling methods. One example of such a
method might be to require (through revision of the
ECCS Acceptance Criteria) reactor ref looding rates with
values nearer those which were originally planned for
the ECCS, 6 inches/second or greater, as opposed to
the marginally effective 1 to 2 inches/second estimated
for current designs.

Increasing the ref looding rate to this magnitude would
evidently require redesign of the ECCS in order to re-
lieve the PWB steam binding problem. We have made
no serious attempt to invent alternative ECCS designs—
although such alternatives exist and some are already
under investigation. The AEC is currently funding pro-
grams to investigate alternative ECCS methods which
may produce fruitful results. Moreover, LOFT has been
designed to test a number of alternative ECCS concepts
for PWRs which appear promising. Results of the LOFT
investigations should permit at least qualitative evalua-
tion of some alternative ECCS delivery mechanisms.

We thoroughly support the AEC's recommendation con-
cerning PWBs that: "the calculated ref lood rate should
have a substantial margin over the rate that is just suf-
ficient to turn the (LOCA) temperature excursion around
in. a short time. . . . Steam binding would severely limit
the rate of ref looding the core, reducing it from an in.-
tended 6 to 11 inches per second to from 1.0 to 2.5 inches
per second, depending upon the reactor design. . . . Thus
the Commission urges the pressurized-water reactor
manufacturers to seek out design changes that would
overcome steam binding" (AEC Commissioners, 1974,
p. 1092).

Boiling-water reactors (BWRs) do not appear to be
subject to the problem of steam binding, "because their
system design provides a more direct path for steam to
escape" (AEC Commissioners, 1974, p. 1092). Never-
theless, the same requirement exists for rapid reflood-
ing in the BWB if high confidence in. system performance
is to be assured. Reflooding rates for BWBs are cur-
rently estimated to be quite high, "typically 3.V

inches per second" (AEC Commissioners, 1974, p.
1125). However, the physical size of the BWR pressure
vessel introduces a rather substantial delay between the
time of the accident and the time that water reaches the
bottom of the core and ref loading begins (of the order of
3 minutes for the BWR as opposed to approximately one
minute for a PWR). An increase in BWR flooding rates
to values of 6 inches/second or more would also help to
reduce the significance of uncertainties in their ECCS
design. .

5. Summary

In summary, review of the elements of Table IX shows
a considerable effort on the part of the AEC to develop
conservative Aeceptanee Criteria for the ECCS. The
listed phenomena, together with the associated criteria,
show the magnitude of the effort to which the AEC has
gone to prescribe the individual separate effects of the
LOCA in a conservative manner. Though several of
these separate effects could and should be more fully
understood, the really difficult question to answer is
whether the individually prescribed ECCS Acceptance
Criteria for the LOCA separate effects can. be integrated
into a mean. ingful system analysis with a demonstrable
overall margin of conservatism. Despite qualitative
indications of general conservatism within the ECCS
Acceptance Criteria, we feel that the experimental data
are not adequate to demonstrate convincingly that the
integrated ECC systems effects are conservatively
prescribed, even if all of the individual pieces were
demonstrated to be independently conservative (which
they have not been). Therefore, any meaningful quan-
titative evaluation of system effectiveness, or the ECCS
safety margin, must depend upon the adequacy of the
system analysis codes. At this time, none of us has
been convinced that the current generation of codes is
adequate to this purpose.

We recognize that our investigation of the conserva-
tism of the ECCS design was brief and far from exhaus-
tive. Nevertheless, the evidence supporting code ade-
quacy which we examined was not convincing. Since no
definitive large-scale systems tests have been conducted
or are currently planned, it is essential to attain confi-
dence in the ealculational methods used for design and
analysis. We feel strongly that if this goal is to be
achieved, without significant changes in the present corn-
plex ECCS design, it will only be through a much strong-
er code development program combined with a much im-
proved experimental data base, especially in system
tests. This must be coupled with a strong program in.

code assessment and evaluation. .
A mechanism for eliminating uncertainties in ECCS

performance seems highly desirable. Such a mechanism
should ideally simplify both the ECCS design and the
modeling requirements for evaluating it. One such
mechanism appears to be increasing ref looding rates
through alternate ECCS designs. No doubt other meth-
ods of achieving the goal are also possible. We strong-
ly recommend revision of ECCS designs in order to
achieve greater simplicity —with consequent simplifica-
tion of modeling requirements. The goal of such im-
provements would be a demonstrably conservative ECCS
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concept which was empirically verifiable. We strongly
support the AEC efforts to investigate alternate ECCS
concepts. Moreover, the AEC should continuously mon-
itor the development of alternate methods and move to
require their utilization as soon as it is apparent that an
improved method is available. Though major changes in
ECCS design appear desirable, incorporation of small
improvements into the current designs, if they can be
shown to be of value, should not be precluded.

D. Containment behavior in a LOCA

This section contains a discussion of the functioning
and behavior of the containment building and systems
during the course of a loss-of-coolant accident (LOCA).
The first portion discusses containment behavior in a
LOCA with effective emergency core cooling so that
there would be no core melt. The second portion dis-
cusses what would happen in a LOCA in which the emer-
gency core cooling did not prevent core meltdown. Fi-
nally, we offer some suggestions regarding improved
containment.

'l. Containment performance with effective emergency
core cooling

Most PWR containment buildings are sized and de-
signed to withstand the maximum temperature and pres-
sure expected from the steam generated in a LOCA by
vaporization of the expelled primary coolant. BWR con-
tainment designs depend on quenching the steam as it is
formed. In a LOCA the steam would have to force its
way through water into a secondary containment volume.

The primary coolant water would contain some radio-
activity which would be vented into the containment vol-
ume. The containment has systems (e.g. , sprays, filt-
ers, etc. ) intended to remove much of this radioactivity
from its atmosphere and to remove decay heat from the
containment atmosphere in order to prevent overpres-
surization. Post-accident heat removal would be per-
formed by systems that transfer heat from heated water
inside the containment to cold water outside the contain-
ment. The water that flows through the primary side of
the heat exchangers would be taken from the reactor
building sump in the PWH and from the pressure -sup-
pression pool in the BWR. Failure to perform the post-
accident heat removal could lead to steam overpressure
failure of the containment. Other systems would remove
hydrogen which could be produced by radiolytic decom-
position of water and by metal-water reactions.

The radioactivity released through the break in the
primary system during a LOCA with effective emergency
core cooling would mostly be retained inside the contain-
ment building if the containment atmosphere cooling and
isolation systems work as designed. Although these sys-
tems appear to be straightforward in their engineering
design, we feel that a review of this capability is ap-
propriate.

2. Containment performance in a LOCA without effective
emergency core cooling

In Appendix I.B we discuss the sequence of events in
an accident without effective emergency core cooling and

trace the development through seven periods. We are
concerned here with the seventh period, in which an un-
cooled core would heat up to its melting point and melt
through the bottom of the pressure vessel in a period of
the order of an hour. The core material, together with
the molten vessel and other material, wouM weigh on
the order of 100-200 tons. A steam explosion might
subsequently occur when the molten mass falls into the
water remaining in the cavity below the pressure vessel.
In any case, the water would be quickly displaced and the
concrete of the containment floor beneath the molten
core would spall and disintegrate, releasing CO, and
water vapor as it heated up. Since the mixture of steel
and molten fuel is denser than the concrete ingredients,
the concrete residue would either mix with the molten
mass or float to the top. It is estimated in Draft WASH-
1400 (Appendix VIII, pp. A-35 —A-39) that containment
melt-through would occur in a period on the order of a
day.

The more volatile fission products would be released
from the molten mass and some would recondense on
cooler containment surfaces. This would result in a
significant heat source in the containment atmosphere
and on its surfaces.

The containment would be breached within a day, prob-
ably by one of the following five mechanisms:

1. If the containment atmosphere cooling system and
the isolation valves work in a PWR containment (an 85%
probability, according to Draft WASH —1400), the con-
tainment would not be breached until the core melted
through the floor. The radioactive gases released in
this manner would then only be able to reach the atmo-
sphere after seeping through the ground under the con-
tainment where they might be substantially attenuated
by the filtering action of the soil. An attenuation factor
ranging from 100 to 1000 is assumed in Draft WASH-
1400 to result for. all fission products other than the
noble gases. Ne believe that some filtering would occur
in the soil but are concerned that "blowouts" or chan-
neling might bypass the soil filter to some extent. The
driving force for such channeling could be provided by
the gas pressure in the containment or by pressure
pulses from steam explosions when the molten core con-
tacts ground water. Such channeling mechanisms are
not discussed adequately in Draft WASH-1400.

The timing and manner of containment failure, par-
ticularly the height of the release from the containment
to the atmosphere, would have a large influence on radi-
ation doses near such a major accident but have little
influence on the long-delayed fatalities and health effects
which are the main subject of this chapter.

If the containment atmosphere cooling system were
to fail, the radioactive decay heat and the heat released
by chemical metal-water reactions could raise the steam
pressure in the containment to the containment failure
threshold in a period of hours.

3. Metal-water reactions would generate hydrogen,
and concrete decomposed by the heat of the core would
release CG, . These noncondensible gases might by
themselves raise the gas pressure in a small BWR pri-
mary containment to the containment failure threshold.
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Hydrogen could form a combustible mixture with any
oxygen already in the containment atmosphere,

4. The containment isolation valves could fail to close,
leaving a large leakage path to the outside.

5. A steam explosion, resulting from the autocatalytic
mixing of a large portion of the molten core with water
in. the bottom of the reactor pressure vessel or in the pit
below, might rupture the containment and disperse a
significant fraction of the core into the atmosphere.

If there were a steam explosion in the pressure vessel,
the danger to the containment integrity would probably be
greatest if the steam explosion were severe enough to
blow off the top head of the pressure vessel. The head
could have sufficient kinetic energy to reach the dome
of the containment building and cause failure. The con-
tainment is protected from projectiles in other direc-
tions by the missile barriers normally meant to shield
the pressure vessel. The containment dome may be
somewhat shielded by the overhead crane.

A steam explosion of sufficient magnitude to rupture
the containment by its pressure wave would require in-
teraction of a large fraction of the core and would be un-
likely to occur in most cases. The mechanisms of steam
explosions are not well understood and the likelihood of
steam explosions involving even a small part of the core
is unknown.

3. Improvements in containment

We feel it is appropriate to consider the possibility of
designing increased effectiveness into the containment
in case of core meltdown. Various proposals which we
believe deserve further exploration are discussed brief-
ly below and more extensively in Appendix II and Sec. VI.

a. Controlled failure

According to Draft WASH-1400, containment failure
before melt-through mould often occur through over-
pressure. It would thus be useful to have the contain-
ment designed so as to fail in a controlled way in case of
overpressure, i.e., with a reliable passive pressure re-
lief valve system and filter bed so that the containment
atmosphere mould be scrubbed and filtered as it is re-
leased.

b. Underground si ting

Underground siting offers enough potential safety ad-
vantages to deserve more serious exploration than it has
received in this country to date. Four European re-
actors —three research and one commercial —have been
sited underground. The potential advantages include
filtering by the over-burden of any radionuclides which
escape the reactor cavity, less shaking by earthquakes,
added protection against the accidental or deliberate im-
pact of aircraft and missiles, and the gravity head of
surface reservoirs of emergency cooling water. The
additional filtration of any release seems to be a most
important aspect of underground siting as it affects the
potential consequences of a large LOCA.

c. Core catchers

There has been periodic speculation during the past
decade about ihe feasibility of a core catcher, a device
which would hold the molten core and prevent it from
melting through the base of the containment. The re-
quirement of such a device was seriously considered
when the current generation of 1000 MWe reactors was
being introduced and also for the Fast Flux Test Facility
and Clinch River Breeder Reactors. Serious engineer-
ing studies of the more promising ideas which have been
proposed would appear timely.

d. Pressure suppression andi solati on valves

Draft WASH-1400 indicated that following a core melt
there would be a significant chance of containment fail-
ure through overpressure because of failure of the con-
tainment atmosphere cooling system and, to a lesser
extent, loss of containment integrity due to penetrations
and failure of isolation valves. It appears worthwhile to
improve the reliability of pressure suppression, heat re-
moval, and isolation systems.

e. Effect/ veness of containment spray and
fi ltering systems

Draft WASH-1400 concludes that in most meltdown
accidents, PWR containment spray and filtering systems
and BWR pressure-suppression pools mould scrub a
large fraction of the suspended radioactivity oui of their
respective containment atmospheres. These appear to
be important engineered safeguards and we believe that
their reliability and effectiveness should be verified.

E. The release of radionuclides and consequences of a core
melt

This section discusses the radionuclides that would be
released if there were a core melt, how they might be
transported in the atmosphere, and the consequences of
the radiation doses and of land and property contamin-
ation. (Appendix II of this report discusses these effects
in more detail and gives references to the literature. )

1. Radionuclides released from a molten core

The radioactive inventory of an operating LWR is
several billion curies of radioactive isotopes with half-
lives of the order of an hour or longer (See T.able
XXXIV). The extent to which these isotopes would be
released from the molten core and the nature of the
hazard they represent to man depends on their chemical
properties. The principal radionuclides may convenient-
ly be grouped chemically as follows:

a. Noble gases (Xe, Kr)

Since these are gases at the temperatures of interest
and are not strongly bound chemically, they mould es-
cape from the melt. The hazard from radioactive noble
gases is primarily through external gamma radiation,
since they are not absorbed in large amounts into the
human body.
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b. iodine

The boiling temperature of iodine is about 360'F and in
laboratory experiments it is found not to be bound to the
melt effectively. The primary hazard from radioactive
iodine is due to the fact that it is readily 'absorbed by the
human body after inhalation or ingestion and is concen-
trated in the thyroid. The dose of radiation which would
be received by this small organ after a meltdown acci-
dent in which the containment fails is, therefore, likely
to be considerably larger than the dose received by any
other organ. A large fraction of the iodine would be ex-
pected to be associated with the aerosol formed by the
condensed metal oxides vaporized under the high temper-
ature, and the other vapors which would be boiled off
from the melt. It would take many hours for this aero-
sol to plate out on the containment interior by natural
processes.

c. Cesium and tellurium

The boiling temperatures of these elements are about
1250 and 1800 F, respectively and, on the basis of lab-
oratory experiments, it appears that they would not be
retained appreciably in the melt. The principal immedi-
ate hazard from these and other isotopes to be discussed
below would be through internal irradiation of the body
following inhalation. Cesium-137 is also of major con-
cern as a land contaminant due to its long half-life
(80 years) and the penetrating gammas associated with
its decay chain.

d. Volatile oxides (/No, Tc, Rh, Ru)

The boiling points of these elements are well above the
melting temperatures of UO2, but molybdenum and tech-
netium have stable oxides which are volatile at much
lower temperatures. In the presence of sufficient free
oxygen, therefore, one would expect them to oxidize and
escape the melt. Suitable conditions would exist if a
steam explosion were to disperse some of the melt into
the atmosphere. Whether there would be sufficient free
oxygen in the .melt to oxidize these elements fully under
ordinary meltdown conditions is unclear. Ruthenium
and rhenium oxides are less stable and their release
mechanism would be more complex. The release of
ruthenium from molten fuel based on laboratory experi-
ments varies from tenths of percents to nearly complete
release in a pattern which has not been adequately ex-
plained.

e. AIkaline earths (Ba, Srj
These elements are relatively volatile but, in the

presence of free oxygen, CO2, or H20, they form less
volatile oxides (Ba is semivolatile at UO~ melting tem-
peratures while Sr is nonvolatile). The releases in lab-
oratory experiments vary from tenths of percents for
Sr and percents for Ba in oxidizing conditions to the
order of ten percent under reducing conditions. "Sr is
a major concern as a land contaminant due to its long
half-life (28 years) and its efficient delivery to man via
the ground-grass-cow-milk route.

f. Nonvolatile oxides (Zr, Nb, La, Ce, Pr, Nd, Pm,
Sn, Y, Pul

These elements all react with H20 and CO2 to form
stable oxides. Both H, O and CO, would be produced in
abundance by the decomposition of the concrete in the
reactor containment floor under the molten core. The
oxides would mix with the UO, and would be expected to
be released roughly in proportion to the UO,, which is
vaporized. Some of the transuranic isotopes with their
long half-lives ( 'Pu, 86 years; Pu, 24000 years;
'~ Pu, 6500 years; ~ Pu, 279 QQQ years; 2~~Am, 460
years; 'O'Am, 8000 years; '~Cu, 18 years), their alpha
decay modes, and their multi-kilogram inventories,
are of particular concern as land contaminants. In the
case of plutonium, at least, the oxides are quite insol-
uble and would remain in the soil. If close to the sur-
face, they might be available for resuspension and in-
halation. Following inhalation, they could be retained
in the lungs for long periods with the energetic alpha
particles depositing all of their energy in the lung tissue.

In the absence of a good model of core boil-off, we
estimate that following a core meltdown, as much as a
few percent of the core (and therefore the nonvolatile
oxides) could be boiled off and suspended as an aerosol
in the containment volume (about 2X 10' cubic feet) of a
1000 MWe PWR.

Our conclusions on release fractions are largely in
agreement with those of Draft WASH-1400. We note
that the data reviewed there regarding release of ele-
ments from simulated melts do not seem to preclude
release fractions for some volatile and nonvolatile ox-
ides that could be larger or smal. ler by approximately
an order of magnitude than the values adopted in Draft
WASH-1400.

2. Transport of released radioactivity

a. A tmospheric dispersion

The initial behavior of any radioactive gases released
into the atmosphere would depend sensitively on the
height and nature of the release from the containment
and on the atmospheric conditions. The heat of the re-
leased gases might result in the plume rising initially
by a few hundred meters —or the turbulent wake of the
containment building might prevent the plume from
rising cl.ear of the ground. Depending on the stability
of the atmosphere, the plume could have a horizontal

3Compared to atmospheric motions, ground water movement
is very slow. For the longer-lived fission products such as
~ Sr, however, it canbe significant. Thus, in a studyof theground
water under the Chemical Proces sing Plant at the National Reactor
Testing Station in Idaho (now the Idaho National Engineering
Laboratory), it was found that ~ Sr injected into an aquifer

through a deep well had migrated approximately 1 kilometer
in 8 years. This distance is comparable to the distance of
many commercial nuclear power plants from the large bodies
of water which supply their cooling water. A large fraction of
the radionuclides in the core might be expected to be trapped
in the cooled melt when the core comes to rest under the con-
tainment, but the fraction which is boiled off and trapped in the
soil would be readily accessible to the ground water.
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dispersion ranging from about 0.1 to 0.7 radians. Al.so,
depending on atmospheric conditions and wind speed,
the vertical. dispersion. could reach 100 m "standard
deviation" as close as 0.5 km downwind or, under other
circumstances, perhaps barely that much at distances
as great as 100 km downwind.

The uncertainties in the modelling make it difficult to
predict the consequences of an uncontained meltdown
accident close in to the reactor —particularly in view of
the highly nonlinear effects of large radiation doses in
causing acute illness or immediate fatalities. For ex-
ample, a 200 rem whole-body dose might kill less than
5% of the exposed population within 60 days, while 350
rem might kill 50%. In addition, there would be large
variations in close-in consequences for a given release
as a function of variations in weather and popul. ation
densities.

At greater distances, however, low'-dose effects would
replace acute effects as the focus of concern. Here the
complexities of meteorological phenomena and release
conditions become less important. The primary reason
for this relative simplicity is due to the standard as-
sumption that for subacute doses the effects of concern
(cancer and genetic defects) are linearly dependent on
the population radiation dose measured' in man-rem.
Thus, for example, it is assumed that an equal number
of cancers will result from 100000 people each receiv-
ing a whole-body dose of 10 rem as from 50000 people
each of whom receives 20 rem. We categorize effects
assumed to have this simplifying property as "man-rem"
cons equenees. This important assumption was used in
Draft WASH-1400 to calculate delayed fatal. ities and
genetic defects; it is discussed in some detail in Appen-
dix II-C.2.

b. The wedge mode!
Man-rem consequences are calculated in Draft

WASH —1400 in a complex computer model. In order to
calculate the man-rem consequences in a transparent
way, we have used the "wedge model, " a simplified
model of atmospheric dispersion, to examine a number
of characteristic situations. The results obtained from
this model compare very well. with those in Draft
WASH-1400 where comparison is possibl. e.

This approximation takes advantage of the fact that
the population dose is dominated by the large number of
small. individual doses hundreds of miles downwind from
the reactor accident. At such distances, the pl. ume wil. l

usually have diffused uniformly through the lower "mix-
ing layer" of the atmosphere, which usually has a
thickness of the order of 1000 m. The population dose
is essentially independent of the horizontal. density dis-
tribution of the plume. We ean, therefore, approximate
the transverse density distribution of the plume as uni-
form within a wedge with an opening angl. e averaging
approximately 0.25 radians and as zero outside this
opening angle —hence the name "wedge model. "

The wedge model. is described in detail in Appendix II
where it is used to calculate the various population
doses associated with the important radionuclides re-
leased from the core.

In the next section we il.lustrate the use of the model.

by calculating the long-term whol. e-body external gamma
dose from "'Cs. This, single radionucl. ide is responsible
for more than 80% of the whole-body population dose
which would be associated with the Draft WASH-1400
"Reference Accident. " This accident, also designated
as PWB2, represents a meltdown at a 1000 MWe PWR
with essentially complete containment failure. It is
also the hypothetical accident whose consequences are
presented in most detail in Draft WASH-1400. As will
be shown below, we have concluded that this total. pop-
ulation dose, most of which was neglected in Draft
WASH —1400, would be of major significance in such an
accident.

=0
c(r, t)dt, (Eq. V-I)

where y(r) is measured in curie-sec per m'. (The more
general derivation of the wedge model, including deple-
tion of the plume radioactivity by decay and deposition,
is given in Appendix II.)

The initial ground contamination in curie/m' is

G(r) =(A F /H8rb, r)(v, ~r/u)

= (AoFs v~ /H8ru). . (Eq. V-2)

With our assumptions, this is G(r) =6000/r microcurie/
m (r in km). The initial ground contamination G(r) pro-
duces a dose in air above smooth ground which is ini-

F. Synopsis of the reference accident conseqoences due to
'37 Cs alone

The large number of radionuel. ides considered in our
analysis, and the many special effects of radiation on
various organs, conceal. the fact that a single isotope,
""Cs, provides more than 80/o of the total whole-body
man-rem dose to the population in the plume (Tables
XIII; XLI). Much of this dose was not included in the
dose calculated in Draft WASH —1400. We shall calcu-
late here the effects due to '~ Cs alone to il.lustrate the
more compl. ete calculation we present in Appendix II
and to draw attention to the important assumptions.

The amount of "'Cs in the reactor core at the time of
the assumed release is Ao= 5.8&&10 curies, and its
half-life r is 30 years (Table XXXIV). In the Draft
WASH-1400 reference accident, a fraction I'~ =0.50 of
the cesium present in the reactor core is assumed to
be released to the atmosphere from the containment
(Table XI). We assume the released radioactivity to be
transported at a speed u =3.5 m/sec thoroughly mixed
in a wedge-shaped plume of air depth H =1100 m and of
angular width 0 =0.25 radian. "'Cs is assumed to de-
posit on any surface exposed to the plume at a rate de-
termined by its average concentration c(r, t) in the
pt.ume, together with a "deposition velocity" a„=0.2
cm/sec (Table XII), where r is the distance downwind
from the source. Thus we assume the radioactivity to
be swept along the wedge at constant speed u in the form
of a thin "front" of thickness ~r. The deposition of
radioactivity on the ground at a distance & from the
source, the dose given to individuals by passage of the
cloud, and the inhalation dose all depend on a time-in-
tegrated concentration of radioactivity

Rev. Mod. Phys. , Vol. 47, Suppl. No. 1, Summer t975



APS study group on light-water reactor safety

tially D, = CDoG, where CDo is 0.12 rad/year per
microcurie/m' (Eq. AII-23). Because of natural at-
trition and movement of the '3 Qs in the soil, the dose
rate drops off more rapidly than the natural. decay and
integrates instead to D,„,=IDGG, where ID~ is 1.55 rad
per microcurie/m2. To obtain the integrated whol. c-
body dose E b to persons in dwellings, we assume a
shielding factor F', of 0.33 (see Appendix II).

Thus the dose to the average person at radius x km is

Z„,(r) = F,D,„,= F,I,G = (0.33) (1.55)G(r)

=3120/r rem (r in km).

As will be discussed below, this whole-body exposure
gives rise to increased probability of death from cancer
arising typically 10 to 30 years after exposure

c(r) =c, z.„(r),
where Ccs is taken a.s 1.3 &10 ' per rem (Appendix II,
Section 1V). Thus,

C(r) =0.4/r, r in km.

It is assumed in Draft V/ASH-1400 that people will be
evacuated within one day from the regions near the hy-
pothesized "Reference Accident" where the contamina-
tion due to the plume exceeds a threshold G,„=100
microcurie/m'. For our assumptions this would occur
at r,. =60 km, according to Eq. V-2. If no effective de-
contamination is achieved beyond a radius r, , the aver-
age additional canner death probability downwind within
the narrow plume would range from an estimated 0. 'I%%uq at
60 km to some 0.05 j~ at 800 km (the cutoff we assume
for our calculation). This individual risk is independent
of population density but is inversely proportional to the
assumed plume angular width 9 (here taken to be 0.25
radian). On the other hand, the mean number of such
latent cancer deaths following the reference accident is
independent of 0, but depends on the assumed population
density which is here taken to be N„, =300 per square
mile, or 116/km'. The mean number is then

C(r)r eW...dr

are presented in Table'XIV. We wish, however, to call
attention to the sensitivity of our result to various as-
sumptions and coefficients. From Eq. V-4 we see that
the number of latent cancer deaths is direct&&' propor-
tional to:

Ao the inventory of ' Cs in
the reactor core

I R the fraction released in the
reference accident

v~ the deposition velocity of Cs
from the plume

I~o the dose (rad) in air per
microcurie/m' of "7C
on the ground

the shielding factor between
ra.d in air and rem
the population density in

persons/km'
A the distance to which the

integrals are taken
C~~ the number of latent cancers

per man-rem
and inversely proportional to:

II the thickness of the a.tmo-
spheric mixing layer

the mean wind speed

5.8 x10 curies

0.5

0.2 cm/sec

1.55

120

800 km

1.3 x10 ~

1100 m
3.5 m/sec

The uncertainties in these assumptions are discussed
in later sections of this chapter and in Appendix II.

The average cancer death risk to the individual within
the narrow plume at 400 km as a consequence of this
assumed reference accident, which has a probability of
the order of 6 &10 ' per reactor year according to Draft
WASH —1400, would be about 0.1'%%uo. The fatalities would
probably not begin for 5 to 10 years and would be spread
over the natural lifetimes of the inhabitants. This 0.1%
additional risk of death from cancer to an exposed in-
dividual following such a low-probability event should be
compared with the approximately 20%%uq of the entire popu-
lation who will die from cancer having nothing to do with
nuclear reactors.

=12 (H r,), -. (Eq. V-3)
G. Other radiation doses from radionuclides released to

the atmosphere

or formally

u, = (Z —r, )F.u„.„C,@,(A.. F,v, /Hu) . (Eq. V-4)

The corresponding man-rem dose to the exposed pop-
ulation is thus

= (A —r, )Ã~, F~ IDo(AOFsvq . /Hu), (Eq. V-5)

and under our assumption gives a total population ex-
posure of 70 million man-rem.

This result is independent of the assumed plume width
so long as only a small fraction of the population out to
A = 800 km is evacuated. This population exposure
under the assumed conditions results in an additional
9000 long-delayed cancer deaths from "'Cs ground con-
tamination.

In this brief analysis, we shall not reproduce the cor-
responding simple calculations of genetic defects and
other damages due to whole-body irradiation dose, which

In the preceding section we considered only the '"Cs
dose effects. We indicate here the procedure to be used
in computing other dose effects. To obtain whole -body
external radiation dose from the passing cloud one needs
to multiply y of Eq. AII-16 (which is the extension of Eq.
V-1 to include depletion and decay) by a dose-exposure
coefficient such as those given in Table XXXVII and by
a shielding factor if one is indoors.

To obtain the doses to the whole body and various
organs resulting from inha, lation of the radionuclides in
the cloud, one multiplies li by a breathing rate (=2 x10 '
m'/sec for an adult) and then by an appropriate dose-ex-
posure coefficient such as those given in Tables XXXV
and XXXVI.

Finally, to obtain the external radiation dose rate from
ground contamination, one first multiplies y by the ap-
propriate deposition velocity to get the ground contamina-
tion (measured in curies/m'), and then multiplies by the
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appropriate dose-exposure coefficient such as those
given in Table XXXVII.

H. Land contamination thresholds

The short-term population radiation dose is dominated
by radionuclides inhaled from the radioactive plume.
However, in the long term, a much larger population
dose may result from land and water conta. mina. tion.
This long-term dose may be delivered via many routes:

1. Direct gamma irradiation from contaminated ground

The principal concern is the 30-year half-life isotope
"'Cs which ordinarily would become fixed in the soil by
ion exchange. For any uniform population density, we
find that about 75% of the long-term ground-dose to
humans would come from '"Cs, and some 90 percent
from the combined contributions of '"Cs and two-year
half-life '"Cs. Unfortunately, it is difficult to calculate
a reliable dose associated with any particular level of
land contamination. For example, in calculating the dose
rate in dwellings compared to that in an open field, the
walls of the dwellings would offer some shielding against
the gamma rays from ground contamination, but there
might be some "antishielding" effects as well from
buildings, since the contamination would be in the form
of a fine aerosol which could cling to walls and roofs.
With regard to decontamination, although Cs is chemi-
cally active and its salts generally soluble, it is by no
means certain that it can be cleaned from walls by any
means short of sandblasting. Roofs might have to be re-
placed. Faced with such complexities, we will follow
the procedure used by the United Nations Scientific Com-
mittee on the Effects of Atomic Radiation (UNSCEAR,
1972) in calculating time dependence of doses from '"Cs
in fallout (Eq. AII-23). The U. N. Committee uses a fac-
tor of 0.40 to convert rads-in-air to whole-body dose,
and a factor of 0.32 to convert rads-in-air to dose to the
gonads. Draft WASH-1400 uses a. factor 0.33 for both
conversion factors, and for simplicity we also use this
same factor in our calculations.

2. Contamination of foodstuffs by radionuclides

Of special concern, in addition to '"Cs, are the 8-day
half-life isotope "'I and the 28-year half-life isotope
"Sr, both of which are concentrated particularly effi-
ciently via the grass-cow-milk route. In the absence of
any diversion of contaminated milk, the average thyroid
dose from '"I via this route would range from a factor
of 7 higher than that due to inhalation, in the case of
adults, to a factor 100 higher in the case of infants
(EPA, 1973, p. 127).

3. Contamination of surface water

human activities and subsequently inhaled, plutonium is
of special concern.

All these sources of irradiation are in principle avoid-
able by evacuation of contaminated areas, by taking such
land out of agriculture, and by condemning contaminated
foodstuffs and water supplies. In practice, there would
be a level of contamination below which the costs of
these measures would outweigh the corresponding re-
duction of risk. The suggested contamination thresholds
in Table X from Draft WASH-1400 shouM be the subject
of much more serious and open discussion before final
values are set.

To obtain an idea of what is involved in a cost benefit
calculation associated with the setting of a contamination
threshold in the absence of effective decontamination tech-
niques, consider the case of "'Cs. According to the calcu-
lations in Sec.V.F, the individual cancer death risk as so-
ciated with the reference accident goes from 0.7% at the
distance of 60 km, corresponding to the Draft %ASH-1400
evacuation threshold of 100 p curies/m, to 0.10%at 400
km where the contamination has dropped to 15 p, curies/
m'. Considering the standard calculation of man-rem
effects to population out to 800 km, Eq. V-5 shows
that the total man-rem dose can be approximately halved
by early evacuation out to 400 km. Thus half the latent
cancers and half the genetic defects might be eliminated
at the cost of long-term (5 to 10 years or more) evacua-
tion of an area of some 7 500 square miles. With a
population density of 300 people per square mile, this
would mean the evacuation of some 2 million people.

The area which would have to be evacuated for a long
time in the case of a major release of radioactivity from
a reactor accident would be much reduced if effective
decontamination techniques could be implemented. The
dose rate from open ground could be reduced significant-
ly, for example, by deep plowing. The soil would then
act as a shield against the gamma rays from a signifi-
cant fraction of the radionuclides. The mean free path
of gamma rays from '"Cs in soil is about 7 cm. How-
ever, the costs and effectiveness of decontamination
techniques in populated areas are not well understood.

I. Comparison with analysis in Draft WASH-1400 of
reference accident (PWR2) consequences
In this section we compare our wedge model analysis

of consequences of the reference accident (PWR2) of

TABLE X. Land contamination thresholds (Draft WASH —1400,
Appendix VI, p. 66).

Use for human Use for
Half-life occupation agriculture

j:sotope (years) (microcurie per m ) (microcurie per m )

By contamination of the surface water by fallout or of
ground water by radioisotopes which might accompany
the molten core if it melts through the base of the reac-
tor containment, 9'Sr is again of special concern.

4. Contamination of soil

By contamination of the soil with small insoluble radio-
active particles which might be resuspended by winds or

Sr88
Sr"
y131

C s134

C S136
13Z

C e144
238

pu239

0.14
27.7
0.022
2
0.035

30
0.78 .

86.4
24 390

50
20

1000
20

200
100
500

0.5
0.2

10
2
5

10
100

20
100

0.2
0.1
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Draft WASH-1400 with the analysis of that accident in
Draft WASH-1400. This accident assumes that there is
a core meltdown for a 1000 MWe PWB with a subsequent
failure of containment. This accident, which can be used
to set a scale for reactor accident consequences, is the
accident for which the most complete information is
given in Draft WASH-1400.

As discussed earlier, there are two major categories
of consequences: immediate effects on relatively small
areas and populations, and long-term effects on larger
areas and populations. Since the prompt effects are
highly sensitive to detailed assumptions as to meteoro-
logical conditions, biological thresholds, and so forth,
we have made no effort to present an independent assess-
ment of these consequences (Draft WASH-1400 estimates
an average of 62 immediate deaths; a partial update of
these results estimates an average of 169 immediate
deaths for PWR2).

For the long-term consequences, we are able to cal-
culate consequences from total long-term man-rem pop-
ulation doses in a particularly transparent way because
of the linear hypothesis and the consequent averaging
effect on large populations and areas.

In many areas of overlap with Draft WASH-&400, we
are in agreement with the Draft, but in others there is
substantial disagreement. We compare our results with
those of Draft WASH-1400 as follows below: (1) com-
puted population doses; (2) computed consequences of
these doses; and (3) a review of the differences found.
This comparison shows some important omissions in
Draft WASH-1400, as well as differences between our
analysis and that of Draft WASH-1400. We understand
that these are under consideration in the revisions lead-
ing to the final WASH-1400 report (NRC, 1975a, b). '~ De-
tails of the calculations and comparisons are given in
Appendix II.

1. Calculation of population doses for the reference
accident
For purposes of comparison we have tried to use the

same assumptions made in Draft WASH-1400. We have
used in our calculations the release fractions from the
Draft WASH-1400 as shown in Table XI. As stated above,

~4In order to reduce the risk of publishing a report contain-
ing major misunderstandings, -we submitted in writing to
personnel of the Nuclear Regulatory Commission a set of
questions covering the technical basis for the differences in our
results from those of Draft WASH-1400. We received replies
to these questions at a meeting in Washington, March 17, 1975,
and in a communication, datedMarch27, 1975. NRC is working
to convert Draft WASH-1400 to a final report, and many re-
finements and corrections have been addressed by the group
doing this work. Several of the discrepancies between our re-
sults and those of Draft WASH-1400 calculated for the same
assumptions turn out to arise from a lack of consistency be-
tween the input to the computer program used in deriving the
results of Draft WASH-1400 and the text of the Draft itself.
In general, we continue to refer to the data presented in Draft
WASH-1400, . calling attention to important changes that have
been called to our attention by the indication, "{NRC, 1975a)"
or "(NRC, 1975b)." Draft WASH —1400 was a Draft, and we
hope that our work will help the authors in their efferts to pro-
duce as accurate and authoritative a document as possible.

'ABLE XI. Radionuclide atmospheric release fractions for the
Draft WASH —1400 reference accident (Draft WASH —1400, Ap-
pendix VI, p. 9).

Principal chemical groups
Fractional release to
atmosphere from core

Noble gases
Iodine s
Cesiums
Telluriums
Alkaline earths
Volatile oxides
Nonvolatile oxides

0.9
0.7
0.5
0.3
0.06
0.02
0.004

Draft WASH-1400 (Appendix UI p 26) states.
"To give the reader a comprehension of the numerical
values involved, plots of the average (all 66 sites) cum-
ulative population and population density are given in
Figures VI-3 and VI-4. Note that beyond 30 miles the
average population density is constant —and its value,
approximately 300 people per square mile, is much
higher than the U. S. average population density (ex-
cluding Alaska) of approximately 70 people per square
mile. Table VI-6 gives the cumulative population at
selected distances for the thirteen (siting) categories.
In each category, the population from 70 to 500 miles
was computed on the basis of the average population
density from 0 to 70 miles, or 300 people/square
m.ile, whichever is less. "

Unable to determine from the above the average population den-
»ty used in the Draft WASH-1400 calculation of PWR2 conse-
quences, we requested and obtained (NRC, 1975a) this informa-
tion:

For 13 synthesized site categories, population density
(people/mi2) beyond 70 miles was:

Minimum Average Maximum
0 165 300

Our initial understanding was that a population density of 300/
mi2 was used in Draft WASH-1400 calculations of man-rem
consequences out to 500 miles, and we used this value in our
own estimates to allow direct comparison with the results of
Draft WASH-1400. Our present understanding is that Draft
WASH-1400 man-rem consequences were calculated for an
average density of 165 persons per square mile, and our own
totals for man-rem consequences (cancers and genetic defects)
should be multiplied by a factor 0.55 for direct comparison.

For any actual release, of course, as contrasted with the
averaged results for the hypothetical PWR2 accident, the man-
rem consequences will be proportional to the existing popula-
tion density

while our conclusions on these release fractions are
largely in agreement with Draft WASH-1400, we note
that the release fractions for some volatile and nonvola-
tile oxides could be larger or smaller by an order of
magnitude. The meteorological parameters and popula-
tion density" which we have used are averages over the
values used in Draft WASH-1400 and are given in Table
XII. The comparison of our calculated population doses
with those available in Draft WASH-1400 is given in
Table XIII.

Gur direct comparison with Draft WASH-1400 as shown

in Table XIII showed some substantial discrepancies for
cloud dose and one-day ground dose. More recent data
(NRC, 1975a, b) bring the Draft WASH-1400 results con-
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Wind speed (u)
Inver sl.on height (P)
Plume angular width (0)
Deposition velocities (vz)

Iodine s
Noble gases
Other isotopes

Uniform population density
Distance cutoff
Shielding factor for ground and cloud dose
Time between end of fissioning and release

3.5 m/sec
1100 m
0.25 radians

0.5 cm/sec
0.0 cm/sec
0.2 cm/sec
300/sq miles
500 miles
1
3
2.5 hours

TABLE XII. Meteorological and other parameters used (see
Appendix II for details of calculation).

highly radioactive areas" (Appendix VI, p.58).
In fact, as we have already noted, evacuation of areas

contaminated above the levels suggested as evacuation
thresholds in Draft WASH-1400 would reduce the large
population dose associated with "'Cs by less than 10%.
The remaining "'Cs ground dose neglected in Draft
WASH-&400 would alone still exceed the average refer-
ence accident whole-body population dose calculated
there by more than a factor of 20. If we assume no de-
contamination, complete evacuation of 10000 square
miles for 10 years might reduce the total exposure by
only a factor of 2, as we have noted above. We have dis-
cussed this question in Section V.F for the important
case of "'Cs.

siderably closer to our estimates. The largest remain-
ing discrepancies (of the order of a factor of 2 in the
iodine and one-day ground doses) may be attributable to
the poorer approximation of the wedge model to the Draft
WASH-1400 Gaussian-plume model for the uniquely high
deposition velocity assumed for the iodine aerosol.

Most of the assumptions used in the calculation of the
average population whole-body dose in Draft WASH-j. 400
seem to us tobe reasonable. We have found one extreme-
ly important omission, however, and that is the long-
term population dose arising from ground contamination.
Draft WASH-1400 apparently neglected the population
dose associated with ground contamination after the first
day on the grounds that "people will be evacuated from

2. Consequences of population doses

The quantification of biological effects following radia-
tion exposure- is a subject full of uncertainties. Some of
these uncertainties are due to. the intrinsic difficulty of
the subject. Thus it has not been established whether
the probability of cancer induction or genetic damage in-
creases linearly with dose at the level of tens of rems
with the same coefficient that has been measured at hun-
dreds of rems. The large sample size required at this
dose level makes experiments impractical. , even with
small animals. Furthermore, in the case of cancer in-
duction, it is not understood how to make quantitative
predictions of human effects on the basis of animal ex-

TABLE XIII. Comparison of our estimate of average population doses with corresponding Draft WASH-1400 results for the refer-
ence accident (millions of man-rem).

A. Total whole-body doses

Our results
Draft WASH-1400

(Draft WASH-1400, Appendix VI)

Inhalation dose
Cloud dose
1 day ground dose
Long-term ground dose

3.1
0.19
1.1

80.

2.9
0.09
0.13

2 9a
0.16
0.46 ~

(not calculated)

B. Contributions to whole-body doses from particular elements

Our results

Element
Inhalation

(1 day)
Ground
(1 day) Cloud

Draft WASH-1400 results
Total

Kr
Sr+ Ha
g,u+ Mo+

Zc+Bh
Te
I
Xe
Cs
Ce
Pu

0.96
0.019

0.314
0.613

0.715
0.137
0.294

0.03
0.012

0.076
0.89

0.082
0.000
0.000

0.017
0.006
0.002

0.015
0.08
0.027
0.014
0.000
0.000

0.017
1.0
0.033

0.405
1.581
0.027
0.811
0.137
0.294

0
0.85
0.14

0.22
0.33
0.01
0.65
0.12
0.26

0 8

1.1
0.03

0 3 8

0.82
0 8

0.7
0.12
0.26

C. Lung doses

Our result

(30 day) (50 &r)

Draft WASH-1400 result

(30 day)

21.1 31.9

Corrected for programming errors and a factor 2 increase in the Draft WASH —1400 ground dose coefficients (Appendix VI, p. 60)
(NRC, 1975b).
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periments. The latent periods of radiation-induced lung
and thyroid cancer in humans, for example, are of the
order of 10 years. This is the same order as the life
expectancy of dogs and much longer than that of the
mice, rats, and hamsters which are commonly used for
animal experiments. To our knowledge, it is not under-
stood how these latent periods scale from species to
species.

Risk estimates must currently be based on those (for-
tunately few) human experiences where a substantial
number of basically healthy individuals have been ex-
posed to relatively high levels of radiation. These in-
clude the Hiroshima and Nagasaki survivors, uranium
miners, radium dial painters, the Marshallese who
were exposed to fallout from the 1954 "Bravo" H-bomb
test, and various groups of individuals who were ex-
posed to high doses of radiation a few decades ago for
treatment of noncancerous conditions before the medi-
cal community fully realized the limitations and the haz-
ards of such treatments. Because the statistics are
small, the exposures uncertain, and the followup incom-
plete, it has been impossible to establish any but the
roughest cancer dose-response coefficients from these
experiences. For genetic effects, even this has been
impossible; and risk estimates are based on extrapola-
tions from animal data.

Draft WASH-1400 computes long-term effects on
health (cancer induction and genetic impairment) on this
same man-rem basis, using the hypothesis of linearity
between radiation dose and response. One of the basic
documents in this field, the National Academy of
Sciences Report, "The Effects on Population of Expo-
sure to Low Levels of Ionizing Radiation" (1972), states:

At this time, the linear hypothesis, which allows the
mean tissue dose to be used as the appropriate mea-
sure of radiation exposure, provides the only work-
able approach to numerical estimation of the risk in
a population. Further, since there is no means at
present of determining the value of the dose-effect
slope in the low-dose region of interest, use of the
linear extrapolation from data obtained at high doses
and dose rates may be justified on pragmatic grounds
as a basis for risk estimation. (NAS 1972, p. 89.)

The other basic document in the field (U.N. , 1972,
p. 431) states:

The Committee wishes to reemphasize that all the
estimates apply to short-term exposures at high
dose rates and, as discussed in Annex G, are likely
to be overestimates of the risk percent dose that
may result from protracted irradiation at low dose
rates and with low-LET radiation.

In contrast to the uncertainties concerning the induc-
tion of cancer and genetic defects, we believe that other
uncertainties relating to the acute short-term biological
effects of ionizing radiation could be more readily re-
solved. For example, there appears to be great uncer-
tainty concerning the thresholds for acute effects follow-
ing the inhalation of fission products and on the depen-
dence of these thresholds on beta ray energy. These un-
certainties in acute effects could be substantially re-

duced by a limited number of experiments using large
mammals.

In our calculations, we used the same standard refer-
ences for cancer and genetic dose-effect coefficients as
were used by the authors of Draft WASH-1400; namely,
the National Academy of Sciences (1972) and the United
Nations (1972) studies referred to above.

3. Summary of results and comparison with draft
WASH-1400

The results of our analysis of the consequences of the
WASH-1400 reference accident (PWR2) are summarized
and compared with those in Draft WASH-1400 in Table
XIV. The two calculations differ in the following impor-
tant respects:

(i) Draft WASH —1400 does not calculate the dose re-
ceived from ground contamination after the first day.
We have calculated the full integrated dose received to
500 miles, using the fallout-dose prescription adopted
in the U.N. Committee Report (see above) for cesium
and not altering any other assumption made in Draft
WASH-1400, and find that the tota, l whole-body dose to
the population would be increased by a factor of about
25.

(ii) Draft WASH-1400 uses the figure 100 cancer deaths
per million whole-body man-rem (Appendix VI, p. 53)
based on the WAS committee estimate of 50 to 165 for
the first 25 to 27 years after radiation. We use the fig-
ure of about 130 cancer deaths per million man-rem,
based on the extrapolation of the NAS results taking into
account the age distribution of the population, latent pe-
riod, etc. This change, when coupled with the factor of
25 increase in whole-body dose to the population, re-
sults in an estimate of about 10000 long-term cancer
deaths due to whole-body exposure, as opposed to the
310 calculated in Draft WASH.

(iii) Draft WASH —1400 does not calculate the addition-
al cancer death risk from the lung and thyroid tissue ex-
posed to high doses of beta radiation but calculates can-
cer risk only from the average whole-body dose. We
estimate the additional number of lung and thyroid can-
cer deaths produced by beta radiation. For lung cancer,
we use dose-exposure coefficients extrapolated from the
30-day lung-dose-exposure coefficients given in Draft
WASH-1400. The extrapolation is not large, as ex-
plained in Appendix G. Table XIII shows a 30-day lung
dose of 21.1 million man-rem. For the lung and thyroid
cancer dose-effect coefficients, we use the ranges giv-
en in the NAS report. In the case of thyroid cancer
deaths, we supplement the above procedure as follows:
(See Appendix II):

~ We use the AEC and EPA exposure-dose coefficients
for children as the two ends of a range of uncertainty;
To allow for the possibility argued in Draft WASH-
1400 that beta radiation from "'I may be up to ten
times less effective than x rays in inducing thyroid
cancer, we multiply the bottom end of the range of
uncertainty of the associated NAS dose-effect coeffi-
cient by a factor of 0.3 (in view of the contribution
from other radioiodines —see Table XXXVHI);
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~ We take the dose-effect coefficient to be equal in
adults and children;

~ We use National Cancer Institute thyroid cancer re-
lative mortality statistics;

~ We count only cancer deaths which occur during the
first 30 years after exposure (See Appendix II).

On the above basis, we find approximately 600-1600
additional lung cancer deaths and 500-4000 additional
deaths from thyroid cancer which were not calculated in
the Draft WASH-1400 numbers.

(i~) While Draft WASH-1400 does not explicitly esti-
mate morbidity due to thyroid nodule cases, using the
assumptions in Draft WASH-1400, we use the wedge
model to calculate that there would be approximately
25000 cases. In view of the biological uncertainties
involved, however, we also calculate a range of values
for this effect that change the results implicit in Draft
WASH-1400 by a factor of 0.9 to 12. This change re-
sults in a range of 22 500-300000 thyroid nodule cases
instead of the 25000 cases implicit in Draft WASH-1400
(our estimate). See Appendix II-3.b and Appendix II-5
for detailed discussion of the complex problem of thy-
roid doses and effects.

(&) Draft WASH —1400 uses the figure of 100 genetic
defects per million whole body man-rem. We interpret
the National Academy of Sciences report used by Draft
WASH-1400 to estimate the following ranges of genetic
consequences per million whole-body man-rem: 25-250
identifiable dominant genetic effects, 12.5 noninherit-
able genetic defects, and 0-500 additional, constitutional
or degenerative diseases. Taking the first two effects
into account, we use a range of 40-250 genetic defects
per million whole-body rem (or a correction factor of
0.4 to 2.5 in the Draft WASH-1400 figures). This
change, when coupled with the factor of 25 increase in
whole-body dose to the population, results in an esti-
mate of 3000 to 20000 genetic defects instead of 310
genetic defects calculated in Draft WASH-&&00.

The interpretation of these results should be ap-
proached with some caution. It is essential to recog-
nize not only the tentative nature of consequence assess-
ment, in light of uncertain data, but also the different
values which might be attached to the risks and conse-
quences of an accident by individuals and by society. If
this particular accident (which is assigned a probability
of order 6x10 ' per reactor year in Draft WASH-1400)
should occur, the probability that an individual in the

TABLE XIV. Effect of changed assumptions on Draft WASH-1400 reference accident average man-rem consequences.

A. Cancer Deaths

Assumption change '
1. Truncation of ground dose at one day. . . to. . .no truncation

2. 100 cancer deaths/(10~ whole body rem). . . to. . . (about 130)/006
whole body rem)

3. Neglect of cancer induction from lung dose. . . to. . . (20-50)/
(106 lung rem) over 40 years following exposure

4. Neglect of deaths from beta-ray induced thyroid cancer. . . to. . .
(12-75 thyroid cancers)/(10 thyroid rem) over 30 years following
exposure, use range of AEC-EPA conversion factors, assume 4%
mortality for persons exposed as children, 15% for persons ex-
posed as adults.

Relative effect

Factor of about 25

Factor of 1.3

Not calculated in
Draft WASH —1400

Not calculated in,
Draft WASH-1400

Total effect ~

10000 cancer deaths
instead of 310 cancer
deaths

Add 600—1600 lung cancer
deaths during following
40 years

Add 500-4000 thyroid
cancer deaths in 30 years
following exposure

B. Morbidity

1. Show full range of uncertainty of thyroid exposure-dose
and dose consequence coefficients

C. Genetic Defects

1. Truncation of ground dose at one day. . . to. . .no truncation

2. (100 genetic defects)/(10~ whole-body rem). . . to. . . (25-250)
identifiable dominant genetic defects and 12.6 noninheritable
genetic defects/(10~ whole-body rem). Not included are 0—500
additional constitutional or degenerative dis eases/(10 whole-
body rem)

Factor of 0.9—12.0

Factor of about 25

Factor of 0.4-2.5 in
genetic defects

22 500-300 000 thyroid
nodule cases instead of
25000 (our estimate-
not explicitly stated in
Draft WASH-1400)

3 000-20 000 genetic
defects instead of 310
genetic defects

. . . indicate assumption change from. . . to. . .
~ It is essential to note that these incremental cancer deaths and morbidity would occur over natural lifetimes of a very large

exposed population. These calculations are based on a population density of 300/mi which results in an exposure of a population
of about 10 million. A population density of 165/mi would multiply all total consequence estimates by 0.55 (See Footnote, page
Mam). Independent of assumed population density, there would be an additional risk of cancer to the average exposed individual
of one chance in a thousand, with the risk distributed over a substantial fraction of his natural lifetime.
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exposed region (a 0.25 radian sector of radius 500
miles) will die during his natural lifetime of cancer in-
duced by his exposure is, on the average, one chance
in a thousand (0.1%) according to our results. This in-
dividual risk would be spread over many years follow-
ing the assumed accident, with the cancer manifesting
itself during the decades following exposure.

Average property damage cost estimates are given in
Draft WASH-1400 for the reference accident as $1.8
billion. Our analysis of this problem is less detailed
primarily because an adequate breakdown of these costs
.is not given in Draft WASH-1400. It appears, however,
that a substantial fraction of these costs is associated
with long-term land contamination. This cost of land
denial is assumed in Draft WASH-1. 400 to increase lin-
early mith the duration of contamination above the
thresholds indicated in Table X up to a maximum of ten
years, after which the loss is assumed to equal the to-
tal value of the land. This part of the damages would
have to be increased by approximately an order of mag-
nitude if the U. N. values for the contamination half-
lives of '0Sr and '3'Cs mere substituted for those used
in Draft WASH-1400.

In conclusion, although some of the uncertainties cited
above may be resolved in the favor of small effects, it
appears that the long-term consequences of a postulated
meltdown accident with failure of the containment would
be much larger than indicated by the Draft WASH-1400,
primarily because of the influence of contamination by
"'Cs and e large organ beta dose. The reference
aceiden release is calculated in Draft WASH-1&00 to
occur in six percent of all meltdown accidents and it is
argued there that this probability could be reduced still
further by relatively simple measures. However, sim-
ilar considerations to those we have calculated above
for the reference accident consequences would also ap-
ply to the calculated consequences for other meltdown
release categories.

J. Mitigating the consequences of a large release of
radioactivity

There are many ways in which the consequences of
possible reactor accidents such as the above might be
reduced. Draft WASH-&400 discusses three on which
we have already commented: evacuation, diversion of
contaminated food stuffs, and decontamination. In addi-
tion, we have emphasized the possible benefits of con-
trolled release from the containment in ease of over-
pressure, with resulting filtration, instead of uncon-
trolled containment failure. There are three addition-
al possibilities for mitigating consequences which we
believe deserve investigation:

l. iodine blocking

Thyroid damage could well be numerically one of the
largest contributors to impaired health and mortality
from a major reactor accident. A Civil Defense study
(See Appendix II) has concluded that the uptake of radio-
iodines by adult thyroid can be reduced by an order of
magnitude by taking a 100 mg "blocking" dose of potas-
sium iodine (KI). The Civil Defense study asserts that

enough KI pills to protect the entire population of the
United States for a week could be stockpiled for a cost
of the order of $1 million. The adverse side effects
are described as minor. This option, which is also
noted in Draft WASH —1400 (Appendix VI, p. 36), would
appear to be well worth exploring.

2. Air filtration

The practicality of installing effective emergency
aerosol air filters in the air intakes of large buildings
should be explored. Such air filters could substantially
reduce the population inhalation dose and the problem
of decontaminating the interiors of these buildings in
case of a large nuclear accident. The possibility of
stockpiling effective emergency breathing masks for the
population within a few tens of miles of reactor sites
should also be considered. Such a measure could re-
duce substantially the acute effects of a meltdown acci-
dent even if evacuation proved to be impossible or too
slow.

3. Siting policy

Distance from important population and agricultural
areas can be considered as another dimension in the
"containment" of a large radioactive release. We find
that the distances involved in the calculation of man-
rem consequences are potentially so great that it would
be difficult to find sites in the U. S. which would surely
reduce them by an order of magnitude. However, it
might be possible to site reactors so remotely that the
probabilities of individuals suffering adverse conse-
quences becomes small. If water contamination in a
meltdown accident has serious consequences, as we be-
lieve may be the case, this hazard should also be eval-
uated in siting decisions in the same manner earth-
quakes and other potential dangers are taken into ac-
count.

In evaluating the problem of mitigation of conse-
quences, particular attention should be given to evacua-
tion and decontamination. Since contamination by rela-
tively long-lived isotopes such as "'Cs, Sr, and pluto-
nium is potentially by far the greatest source of total
population dose, the total population dose could be great-
ly reduced if effective decontamination techniques could
be implemented. Similarly, the land area that would
have to be evacuated for a long time could also be great-
ly reduced.

At present we feel there should be a better assessment
of the natural decontamination time scale (especially of
built-up areas) and of possible decontamination tech-
niques, time scales, and costs. Information is needed
on these aspects not only for decontamination of land
but also for buildings. A much more careful analysis
of possible evacuation thresholds and agricultural di-
version thresholds is desirable.

A comprehensive strategy involving a selective com-
bination of evacuation and decontamination procedures
may make it possible to reduce considerably the health
and economic consequences of a major release of radio-
activity.
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VI. THE LIGHT-WATER REACTOR SAFETY
RESEARCH PROGRAM

A. Introduction

The preceding portions of the report have been con-
cerned with a review and evaluation of the technical
issues that directly influence the safety of LWRs. As
we turn to an examination of the safety research pro-
gram, it is useful to highlight the principal observations
that have special significance for safety research. Our
examination of possible accident-initiating events (Sec.
IV) focuses on the integrity of the primary system, on
system transients, and on initiation through possible
lapses in quality assurance and through human actions,
accidental or intentional. Our report next examines
what is known about the course of an accident and the
functions of various safety systems intended to control
the accident (e.g. , the ECCS) or mitigate its conse-
quences (e.g. , the containment system). With respect
to reactor behavior during a LOCA with ECCS operation
we find that much has been learned about the behavior of
individual system components under a range of condi-
tions, so that a conservative prescription of individual
component behavior can be made in many instances.
There is also considerable qualitative understanding of
the behavior of the system as a whole. However, we are
not convinced by the present experimental data and cal-
eulational methods that a complete quantitative assess-
ment of transient behavior and LOCA can be made at
present. Both the data base and the calculational codes
are inadequate for such an assessment.

With regard to containment, we find that containments
have worked well in controlling routine and minor radio-
active emissions, but have not yet been subjected to de-
finitive test by a major accident or large-scale experi-
ment. The containment might be breached under suffi-
ciently severe accident conditions, with consequences
that are difficult to calculate with any accuracy, based
on present information, but which we estimate could be
severe in extreme cases.

It is clear that a great deal of resea. reh, development
and quali. ty control effort has been and continues to be
directed toward safe design and operation. Although the
overall safety record has been good, we find that it is
certainly possible, albeit unlikely, for accidents to be
initiated. However, it is very difficult to quantify accu-
rately the probability of such occurrences on the basis
of available information. Many aspects of the problem
need to be better understood to make this possible.

Thus we view the safety research program to be of
great importance, since its function is to resolve these
issues and uncertainties and to lay the groundwork for
improvements. The AEC, ' principally the Division of
Reactor Safety Research (RSR), has an extensive pro-
gram in progress. This effort is supplemented by re-
search programs of the individual vendors and other
independent organizations, especially the Electric Power
Research Institute (EPRI) with its growing sponsorship
of safety research in the nuclear field. We will concen-

"See Footnote 1.

trate on the research program of RSR, which is the most
important because of its scope, size, and openness to
public scrutiny. We will introduce information about
other efforts where it is available and appropriate.

Research concerning reactor safety dates back to the
1940s. Throughout the 1950s and 1960s it w'as included
as an important responsibility of AEC divisions carrying
out reactor research and development. The creation of
RSR in May 1973, answered the need for an organization
within the AEC that is divorced from development ac-
tivities and centers its efforts exclusively on the re-
search needs of reactor safety. In the wol ds of its di-
rector, Dr. Herbert J. C. Kouts, in an articlein Nuclear
Safety (19'l4)

"[RSR]was created because of the need for an AEC
program on reactor safety research which is (1)
clearly responsive to stated needs of the Regulatory
Staff and of the Advisory Committee on Reactor Safe-
guards and (2) free from any appearance of conflicts
of interest deriving from a simultaneous development
responsibility. Our mission is primarily to implement
this program and secondarily to provide the Commis-
sion with an assessment capability in reactor safety
independent of both the developmental and regulatory
responsibilities. "

The RSR program on LWRs is based on four main parts:

(1) Separate effects tests, intended to give an engi-
neering understanding of the response of the various
LWR components and subsystems over wide ranges of
imposed conditions.

(2) Computer code development, combining the engi-
neering response of the components with the basic engi-
neering and physics equations, including the equations
of hydraulics and thermodynamics, in order to predict
the response of the complex LWR system to hypothetical
aeeident conditions.

(3) Integral system experiments, smaller in scale
than a full LWR, but hopefully large enough to test the
ability of the codes to predict system effects accurately
under a range of LOCA and transient accident conditions.

(4) Primary system integrity experiments and tests,
intended to improve understanding of the integrity of the
primary reactor system and its ability to w'ithstand a
range of operating and accident conditions.

We will examine the strengths and possible deficiencies
of this program. At the outset one should note that the
research program has several goals, which sometimes
conflict. In the short term, it seeks to provide to the
AEC Office of Regulation (REG) an improved basis for
safety evaluation of LWRs. Since previous work has not
yet developed codes capable of fully predicting the
course of an accident with accuracy, RSR has tried to
meet this short-term goal by the development of "con-
servative" computer codes, in which phenomena are
modeled in a way intended to overestimate the severity
of undesirable effects.

The long-term goal of the research program is to be
able to understand and predict those aspects of reactor
behavior that a.re relevant to safety in a convincing
quantitative manner. For this purpose, RSR is develop-
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ing advanced computer codes which are intended to give
a more "realistic" calculation through more accurate
treatment of results of the separate effects tests and
more realistic modeling of physical phenomena. An ex-
panded effort is now underway to study the important
separate effects more realistically, usually with the aid
of special facilities. Noteworthy examples are the Large
Plenum-Fi. l experiment being conducted at the Pacific
Northwest (Battelle) Laboratory under RSR sponsorship
and also large LOCA heat transfer experiments.

When such an advanced code is developed, its predic-
tive ability needs to be tested on a. series of integral
systems tests which hopefully will demonstrate its valid-
ity in a complete quantitative manner. The currently
planned test series is centered on the LOFT (Loss of
Fluid Test) facility loca.ted at the Idaho National Engi-
neering Laboratory at Idaho Falls. LOFT is a, 55 Mwt
reactor intended to simulate on a scaled basis the con-
ditions of a 3300 Mwt PWR representative of current
large designs.

In this research program there are a number of diffi-
cult technical problems to be resolved: the design of
separate effects tests with the appropriate physics and
chemistry; the design and verification of complex,
large-scale computer codes using information from sep-
arate and integral effects tests; the extrapolation of
such "verified" calculations to understand nonlinear
phenomena on the much larger scale of a commercial
LWR; and the study of accident containment, conse-
quence estimation, and accident mitigation and recovery.

Fortunately, in the formation and management of RSR
the AEC has demonstrated increased sensitivity to the
need for better understanding of these issues by the
scientific and technical community. Again, quoting from
Dr. Kouts' Nuclear Safety (Kouts, 1974) article,

"Most people who are apprehensive [about nuclear
reactors] do not have the background to understand the
technical issues and react to the opinions of those who

supposedly do understand. The only way to settle their
concerns is to convince the scientific and technical
community and make the case perfectly clear to it. If
we cannot convince the general scientific community
that nuclear power is safe, we cannot hope to convince
the populace at large. "

HSR has been very cooperative in providing our group
with access to whatever information we needed for our
evaluation of the safety research program. In the sec-
tions which follow, a detailed review will be presented
of each of its major parts. We then present our overall
evaluation of the program and consider several alterna-
tive programs for the future. Finally, organizational
and management issues are addressed.

B. Program resources and emphases

The resources for work directly related to light-water
reactor safety come mainly from the sources indicated
in Table XV. A detailed breakdown of the RSR budget
for FYV4-75 and the proposed Congressional Submittal
for FY76 are shown in Table XVI. The corresponding
EPRI resources estimated for reactor safety research

TABLE XV. Budgets for work related to LWR safety (in
millions of dollars)/FY is fiscal year; CY is calendar year.

AE C/RSR
EPRI
Vendors

42 (FY)
&7(CY)

53 (FY)
36 (CY)

-12

C. Research to improve primary system integrity

The discussion in Sec. IV which centered on the pri-
mary vessel, major piping, and the steam generator,

are shown in Table XVII. The largest fraction of the
RSR budget is allocated to integral systems tests, main-
ly LOFT. Another considerable amount, $4.2M in FY74
and $5.3M in FY75, is allocated in conjunction with the
Power Burst Facility (PBF) for the purpose of testing
scaled fuel elements under transient conditions. Studies
of primary system integrity are budgeted at $1.6M in
FY74 and $2.8M in FY75. Other separate effects tests
represent $9.0M for FY74 and grow to $14.4M in FY75.
Finally, the safety assessment for new reactor tech-
nologies in RSR received $1.5M in FY74 although it is
budgeted at $5.5M in FY75. Additional funds are bud-
geted for safety-related research for advanced reactors
with AEC contractors (now under ERDA) carrying out
de velopment.

It is enlightening to break the total 1975 resource allo-
cation, in"luding estimates from EPRI and industry,
into the four safety categories discussed in this report.
Approximately $100M total is budgeted. When roughly
$29M is removed for "product improvement, "we esti-
mate the amount for safety research shown in Table
XVIII.

The RSR budget breakdown clearly indicates the domi-
nance of the LOCA issue and the pressures to respond
to REG's need for better evaluation tools. Very little is
devoted to research on better means of containment or
to the estimation of accident consequences or to means
for accident rec'overy. As can be seen from Table XVII,
EPRI has instituted a growing safety research program
related to LWRs and their technology. This is a new and
rapidly evolving program covering a wide variety of
topics ranging from system studies to an examination of
pump and valve technology. We have the impression
that emphasis is placed on topics of current concern to
the power industry (e.g. , diagnostics, earthquake
studies) as well as on important topics of physics and
material science that are involved in today's problems
(e.g. , Eircaloy —steam oxidation kinetics). Some atten-
tion is also given to topics (e.g. , plutonium recycle) of
a long-range nature. The EPRI programs are coordina-
ted with those of RSR by their respective managements,
including complementary funding of particular aspects
of some programs. These topics and budgets will con-
tinue to evolve both in scope and detail, so the reader
should regard this information on EPRI programs as
representative but not definitive. We will return to the
resources question when we address program balance
in our Overall Evaluation of the Safety Research Pro-
gram, Sec. VI.J below.
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TABLE XVI. Reactor safety research program (in millions of dollars).

Revised
FY 1974

Mid-year plan
FY 1975

Congres sional submittal
FY 1976

LWR exper. 5 analysis
Primary system integrity
Semiscale
Separate effects
LOFT experimental program
PBF experimental program
Code dev. 5 application

Fast reactor safety asses sment

Gas reactor safety assessment

Nuclear safety test facilities
LOFT
PBF
Inel support

Subtotal

$1.6
3.3
9.0

17.3
1.6
1.5

34.3

0.7
0.8

3.3
2.6
0.2
6.1

$2.8
2.8

14.4
12.9
2.5
2.5

3.0
2.5

6 4
2.8
0.3

4.9
3.6

18.6
14.3
3.6
3.6

5.4

3.6

7.3
6.2
0.5

14.0

Total reactor safety research $41.9 $52.9

The FY76 estimates cover the period to July 1, 1976. An additional $21.0M is proposed
to cover the three month "transitional" period until FY77 begins October 1, 1976.

TABLE XVII. EPRI program planning —reactor safety
(millions of dollars)/CV is calendar year.

CY75

Water reactor safety
Plutonium recycle
Pressure boundary
Reliability and diagnostics
Fuel and fuel cycle
Earthquake and tornado
Advanced system
Studies and evaluation
Operating benchmarks
In-service inspection
Chemistry
Operation and maintenance

6.4
4.3
2.5

0.065
1.0

0.46

6.2
3.9
3.0
3.6
3.6
1.0
7.5
0.6
1.2
3.2
1.6
0.9

emphasized the problems of fatigue embrittlement and
cracking of pipes, radiation embrittlement, and stress
corrosion. In this connection, quality assurance and
construction practices are also important. Major areas
currently under study are shown in Table XIX, which
lists RSR, vendor, and EPRI programs, the integration
of which is carried out directly by the staffs of RSRand
EPBI. The discussion in Sec. IV stressed the need for
additional experimental information on crack initiation
and growth. We note that several of the tests listed in
Table XIX are concerned with this problem with a pre-
dominantly empirical emphasis. Another main recom-
mendation of Sec. IV concerns the importance of develop-
ing better methods for in-place nondestructive testing
as well as for continuous surveillance and monitoring of
acoustic emissions and vibrations that might indicate in-
cipient failure conditions. We note an increasing amount
of effort, illustrated in Table XIX, intended to explore

D. Separate effects tests
The discussion of ECCS behavior in Section Vprovides

a detailed examination of the various ECCS phenomena
and parameters that are important during a LOCA. The
discussion also highlights a number of areas in which

TABLE XVIII. 1975 Resource allocation by safety categories/
FY is fiscal year.

Accident phase
Estimate

($M)FY 1975

A-Initiation sequences and prevention
B-Accident phenomena (mainly LOCA)
C-Containment and radiological consequences
D-Recovery

6
65

1
0

and develop such techniques. Research directed toward
the integrity of the primary vessel, pipes, and welds
appears to be receiving the attention it deserves by the
BSR, EPRI, and reactor vendors.

In the case of pumps, valves, and steam generators,
it is mainly up to the vendors to satisfy the utilities and
the AEC Office of Regulation (REG} that they are making
whatever improvements may be needed. Advances in
these areas are considered to be product improvement
and are covered by other AEC and EPRI sponsored pro-
grams, outside the BSR safety research program.
Clearly, there is a grey area here with respect to both
topics and interfaces; parochial organizational outlooks
can easily arise and jeopardize safety through narrow
views of responsibilities. The situation would be aided
a great deal by better quantification of the failure of
various components. Information from qua. lity assurance
procedures and from field inspections can and should be.
utilized to set goals for research or product improve-
ment programs in this vital area.
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more experimental information is vital in order to im-
prove understanding of the phenomena and to enable des-
cription of them over a wide range of conditions. An
important part of the safety research program deals
with the exploration of these phenomena through study of
each of the separate effects.

In this section we will organize the discussion around
three time periods used in Section V to characterize LOCA
phenomena, namely, Blowdown, Refill and Reflood,
and the general group of phenomena common to the
whole LOCA. We will characterize what was being
studied or planned as of August 1974, along with our
impression of the progress likely to be made. Then we
will provide an overall evaluation of the separate effects
tests along with recommendations concerning their fu-
ture.

a. Cri tlcal LOCA phenomena and separate effects tests

Group l—General applicahi!IIty over the whole
LOCA (See Table XXJ

~ Decay Heat: two new determinations are under-
way as separate effects tests, which should significantly
narrow the present range of uncertainty within the next
two or three years.

~ Pumj Behavior is being studied in two-phase flow
over a range of sizes, including some tests with large
pumps. Information on scaled-size pumps (I/3 and 1/5
scale) will be available within two years. It is very

important to get additional information on large pumps
over the next few years.

Iuel and Cladding Pyowemg: zircaloy oxidation
and its effects on embrittlement, creep phenomena, gap
conductivity, pellet growth, and cracking all need atten-
tion and are at least being addressed. Our present
understanding should be significantly improved within
the next three years by work in progress sponsored by
HSR and by EPRI. However, it is likely that many of
these problems will need more sustained work. In addi-
tion, it is important to carry out the parametric large-
scale fuel and cladding studies which are planned by
RSR over the next five years in the Power Burst Facility
(PBF) program (see Sec. VIE).

Group II Blowdow—n time period (See Table XXlj
~ Rxeah flora data have heretofore been limited to

size, pressure, and fluid phase conditions quite atypical
of a large LWR. It is important to plan better experi-
ments, especially with metastable flow in large-diame-
ter break flows closer to operating conditions. '

~ Critical heat flux and departure from nucleate
boiling are among the most crucial issues during blow-
down since they strongly influence the heat carried away
before core cooling diminishes. Several blowdown heat
transfer experiments are in progress over a variety of
conditions and should improve the present limited know-
ledge, but much remains to be done; LOFT experiments
may also prove useful here.

TABLE XIX. Representative studies of primary system elements.

Primary system element

Primary vessel

Pipes

Steam generator

Nondestructive testing

Pumps
Values
Steam generator

Representative studies ~

—Heavy section steel test program (ORNL)
Fracture toughness tests (vendors)
Radiation effects on vessel matls. (NRL)
Crack arrest in pressure vessel—

steel (BCL)
—Crack arrest tests (W)

Fracture tests (Univ. of Washington)
Fracture tests (BCL) (GE)
Coolant pipe rupture study (GE)
Pipe whip studies (GE)

1

Stress corrosion cracking of steels
and inconel (Ohio State)

Stress corrosion cracking (GE)

Vibration monitoring (vendors)
Acoustic emission vessel surveillance

(vendors) (PNL)
Acoustic inspection during welding

A variety of studies treated as product
improvement and conducted outside research
programs. (See text. )

~Acronyms for sources of representative studies shown here are:
ORNL-Oak Ridge National Laboratory
BCL-Battelle Columbus Laboratory
Ohio State-Ohio State University
PNL-Pacific Northwest (Battelle) Lab.
NRL-Naval Research Lab
GE-General Electric
W-Westinghouse

~VSome information may be obtained at Marviken (Sweden) on a BWR; however, its conditions are quite different from those
typical of U. 8. BWRs, and the applicability is not clear.
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TABI E XX. Current separate effects tests —general applicability over whole LOCA.

Critical LOCA phenomena

Fuel energy sources

Experimental knowledge required

Initial stored fuel energy decay heat

Representative separate effects tests

ISFE from reactor conditions in steady state
New determination of decay heat (LASL, ORNL)
Verifications at Halden reactor
Re-evaluation at Oregon State University

Scale c

B, S
S

Pump behavior Pump Dp and mass flow, especially
two-phase conditions

Two-phase tests with scaled pumps
(ANC, CE)

Large pump test in France PV)
B E
F

Fuel and clad behavior Determination. of gap conductance

Rate of metal-water reactions
vs temperature

Study of embrittlement of cladding
correlated with stress/strain
measurement

Study of fuel densification
Swelling rupture

Experiments at Halden (PNL) with realistic
fuel rods

Zr oxidation (ORNL, Worcester Poly)

Clad creep measurements (ORNL)
Properties of clad vs O& and temperature

(ANL)
Fuel densification [W] [CE] (BNL)
Bundle ballooning and rupture

-PW'R [BSW]
-BWR [GE]

Strength and ductility measurements (BCL)

E, S
B, E

B

B
B, E

Symbols used with representative separate effects tests indicate the following:
( )-Open (publishable) test
[ ]-Proprietary test.

"See Table XXIII for key to contractors carrying out studies as indicated.
Scale symbols are as follows:
B-Basic model development scale
E-Engineering test scale
S-System verification scale.

Frictional Pressure loss in two-phase flow is now
receiving some attention, but more may be needed.

~I.ower plenum fluid entrainment and BCC fluid by
Pass: These involve flow up, down, and around the
downcomer in the presence of steam. The present
understanding is limited to conditions far from those
typical of LWRs. The experiments planned or now in
progress should provide a much better understanding
for basic models. Especially important is the Large
Plenum-Fill experiment, which provides a, test of engi-
neering correlations where some three-dimensional
effects can be examined. Again, LOFT experiments
may @iso be enlightening.

~ Coze Distortion and Flozv Distribution effects, es-
pecially with cross flow and blockage, remain to be ad-
dressed satisfactorily as separate effects tests.

Group III Refill period (See T—able XXIIJ

ZCC fluid penetration: This phenomenon (i.e. , the
end of ECC fluid bypass) marks the beginning of refill. -

The same group of experiments discussed under Group
Il apply here and should significantly improve our pres-
ent limited knowledge of this subject. But until defini-
tive experiments are completed with three-dimensional
effects at roughly operating conditions, the important
problem of applicability at full LWR conditions will re-
main to be resolved.

~Steam fluid interactions in two-phase flow have
been a difficult problem for a number of years, and the
present state of knowledge is poor, especially for non-

equilibrium conditions. Steam —water mixing and inter-
action experiments are planned or in progress, but the
significance of these particular experiments is difficult
to assess ahead of time. Much more experimental and
theoretical work will undoubtedly be needed to be sure
of the two-phase hydraulic behavior, perhaps involving
special facilities which currently do not exist in the
U.S.

Containment back pressure effec-ts are, of course,
design sensitive and are being pursued to some extent
by the rea, ctor vendors.

~Heat transfer during refill is mainly a question of
understanding core cooling by the steam where convec-
tion eddies may be present. No specific experiment8
are planned as yet, although some information may be
gained from LOFT.

~ Break flow during this period is essentially negli-
gible.

Group I V Reflood period (Se—e Table XXIIIj
~ Break flow: Some questions remain in this time

period in influencing steam binding in the presence of
containment backpressure effects. However, other
problems are dominant during ref lood.

~ Steam binding. in PWRs this is thought to be a
severe and important problem leading to a possibly
marginal ref lood rate (see Sec. V). In our opinion, the
proble~ is likely to be eliminated only through some
kind of design improvement or through the. implementa-
tion of an alternate ECCS approach.
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TABLE XXI. Current separate effects tests for blowdown period.

Critical LOCA phenomena Experimental knowledge required Representative separate effects tests Scale c

Break flow Flow of high pressure, two-phase
through large opening as a function
of pipe length/diameter ratio

1. Critical flow test [GE]
2. Large pipe break (Marviken) at

several hundred psi E, S(?)

Critical heat flux (CHF) Conditions for departure from
nucleate boiling (DNB); conditions
for return to nucleate boiling; post
CHF heat transfer

PWR blowdown heat transfer (ORNL)
BWR blowdown heat transfer (GE)
Blowdown DNB [W] [B5 W] (CE)
Transient CHF (ANC)
CHF experiments (MIT)
Level swelling [GE] (w/wo core spray)

E
E. S
E, S(~)
E, S

B

Frictional Dp

I.ower plenum fluid entrainment

Drag-in pipes in two-phase flow

Entrainment and carryout of lower
plenum fluid, as function of
blowdown conditions

Two-phase Ap [GE] (U. of Cinn. )

Large plenum fill experiment (PNL)

B, E

E

ECC bypass effects Conditions for ECC fluid bypassing
the downcomer and exiting through
the pipe break

Large plenum fill experiment (PNL)
Bypass test (CREARE)
Bypass in small vessels (Dartmouth)

E, S
B, E

B

Core distortion and flow
distribution

Distortions of core geometry
Cross flow effects inside the core

No experiment equivalent to full scale
(see reflood period)

~ Symbols used with representative separate, effects tests indicate the following
( )-Open (publishable) test
[ ]-Proprietary test.

"See Table XXIII for key to contractors carrying out indicated tests.
c Scale symbols are as follows:

B-Basic model development scale
E-Engineering test scale
S—System verification scale.

~ Iteflood heat transfer: experiments should provide
more accurate transfer coefficients. Again LOFT data
should be helpful for PWR situations, especially in test-
ing the applicability of the results of separate ref lood
heat transfer and ECC fluid carryover work.

~ Oscillatory and transient level effects: We note
unresolved questions (e.g. , chugging) which can potenti-
ally arise in several ways, for example, energy ex-
changes between the secondary system and the main ves-
sel combined with changes in liquid level in the main .

vessel, or flashing of liquid level to steam as the liquid
level reaches hot core elements at the beginning of Re-
flood. Such effects can potentially be large and nonlinear
and are difficult to study except at the systems effects
level.

+ Core disP/acement, fuel rod distortion, and block-
age effects: these could be important and need study
badly; some progress can be expected in additional
effects tests, but parametric tests in the Power Burst
Facility (PBF) are needed for a more complete evalua-
tion.

b. Evaluation

Many separate effects experiments are now in prog-
ress on ECCS behavior, including a few large-scale
ones, and more are in the planning stages. This is a
marked improvement over the situation of a few years
ago, and many of the sensitive effects that determine

the peak core temperatures are being addressed. The
limited understanding of several of these topics makes
them appropriate candidates for study by members of
the American Physical Society. Of special significance
are (1) development of a more tractable approach to
handle two- and three-dimensional. effects in calcula-
tions, and (2) the study of the thermodynamics of cou-
pled, nonequilibrium two-phase flow, which is crucial.
for many phases of ECCS operation and where the pres-
ent state of knowl. edge is poor. Both better experiments
and theoretical treatments are badly needed.

It is clear that larger separate effects tests, conduc-
ted over a wide range of conditions, could be very im-
portant in providing the basic understanding and engi-
neering level. tests on which more rel. iable calculations
of ECCS behavior can be made. We recommend that
more resources be devoted to such experiments, es-
pecially for ECC bypass, heat transfer with cross flow,
break flow, nonequilibrium two-phase flow, and experi-
ments to examine core blockage. We understand that
AEC-RSR and EPRI are seriously considering this in
conjunction with advanced code development. Further
cooperation and exchange of data with foreign govern-
ments is also strongly encouraged. However, it will be
several years before information from all these tests
will be available and checked by integral system level
experiments; this point has implications for the time
scale required to obtain more realistic calculational.
capability and is treated more fully in Sec. VI. J.
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TABLE XXII. Current separate effects tests for refill period.

Critical LOCA phenomena Experimental knowledge required Representative separate effects tests

ECC penetration of downcomer Conditions for ECC fluid to begin
to flow down the downcomer and
begin to fill the lower plenum

Plenum-fill experiment (PNL)
Bypass test (CREARE)
Bypass in small vessels (Dartmouth)

E, S
B, E

B

Steam/E CC fluid interaction Interaction of steam with ECC fluid
as it flows into the vessel, important
for both critical flow conditions and
for ECC bypass and downcomer
penetration (need full range of
equilibrium and nonequilibrium
conditions)

Above set of experiments
Steam-water mixing (W)
Steam-water interaction (CE) E

Convection-film heat
transfer

Cooling of core by steam w/wo
Convection eddy cooling

Nothing specifically planned (LOFT
data may be useful)

Containment back pressure Back pressure effects on refill
conditions

Design sensitive —no specific experiments
planned

' Symbols used with representative separate effects tests indicate the following:
( ) -Open (publishable) test
[ ]-Proprietary test.

~ See Table XXIII for key to contractors carrying out indicated tests.
Scale symbols are as follows:
B-Basic.model development scale
E-Engineering test scale
S-System verification scale.

E. Power burst facility (PBF) program

Some fuel and cladding problems still need careful
evaluation. Effects from pellet swelling jcracking and
from variations in pellet-fuel. rod conductivity can
influence norma. l reactor operation as well as accident
evaluation. As discussed more fully in Sec. Q, temper-
atures above 2200 F during an accident couM result in
zircaloy oxidation, possibly giving rise to embrittlement
and cladding creep and collapse. Most of these problems
are being studied in laboratory or engineering scale
separate effects tests provious ly described. However,
such fuel failure problems need to be studied with
scaled rods under both steady-state and transient reac-
tor conditions.

The Power Burst Facility (PBF) Program was initi-
ated several years ago at Maho National Engineering Labo-
ratory as an integrated experimental and analytical
program to answer this need. Experiments on single
fuel rods and small clusters were to be conducted using
the special PBF reactor, and analytical models were to
be constructed using the experimental information,
hopefully resulting in a realistic treatment valid over a
wide range of conditions likely to be encountered in
LWRs. The PBF reactor itself, a water-moderated
burst reactor, has been constructed with a core geo-
metry shown in Fig. 10 and having the maximum capa-
bilities shown in Table XXIV.

A wide range of experiments are planned in 1975 and
succeeding years, including tests of individual rod
properties (examining fuel behavior); tests of rod-cool-
ant interactions (examining gap conductance); and ex-
periments on rod swelling and ballooning, phenomena

important for ref lood heat transfer and flow blockage
questions. These data would complement the separate
effects tests on fuel and cladding problems, and the re-
sults are badly needed. However, the operation of
PBF has so far been limited by an undesirable oscilla-
tory behavior that has been traced to the PBF fuel.
This hitch has delayed the start of the test program,
though it appears that the problem has now been correct-
ed. It is important to bring these tests to a successful
conclusion in a timely way. We recommend that this
situation receive full attention with an accelerated
schedule if possible. At the very least, efforts should
be made to minimize any further schedule slips, so that
results wil. l be timely for input to other programs.

F. LOFT and Semiscale integral test experimental
programs

a. !ntroduction and program objectives

The LOFT Integral Test Program is the major AEC
program to examine the key phenomena of LOCA and
the behavior of the ECCS at the system test l.evel. The
LOFT system is a PWR of special. design to carry out
LOCA experiments on a size and scale (55 MWt) inter-
mediate between a laboratory experiment and that typi-
cal of a large PWR (3300 INWt). The stated program
objectives (Aerojet, 1974; Coplen et al. , 1974) are as
foll. ows:

(1) Provide data to industry and the AEC for evalua-
tion of analytical methods and test the adequacy of ana-
lytical methods used to predict:
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TABLE XXIII. Current separate effects tests for reQood period.

Critical LOCA phenomena

Break Aow

Steam binding

ReQood rate
(affected by steam binding)

Core displacement and
fuel rod distortion; Flow
distribution

Reflood heat transfer
(affected by steam binding)

ECC fluid
(droplet carryover)

Oscillatory effects in down-
comer and lower plenums

Containment back pressure

Experimental knowledge required

Influence on steam binding

Pump Dp under two-phase flow;
Effects of steam pressure on re-
Qood for superheated steam and/
or for steam generator tube
breaks

Effect of system-type conditions
on reflood rate

Alteration of core and fuel rod
geometry as a result of thermo-
mechanical distortion; 3D flow
effects inside core

Hate of cooling of core elements
during reflood conditions

Amount of ECC fluid carried out
as droplets during reQood

Oscillatory and transient level and
pressure effects during reflood-
conditions for unstable flow

Effect of containment back pres-
sure on ref lood rate

Representative separate effects tests '

Sensitive to design because of containment
back pressure —general' engineering infor-
mation may be obtained at Marviken

Design sensitive —can only be studied at
System Test level

Design sensitive —nothing specifically
planned —may get some information during
reQood heat transfer experiments

No experimental equivalent to full scale
Out-pile multirod bundle tests (ORNL)
(See LOFT discussion)
(See fuel and clad behavior under General)

Reflood heating rate tests
-for PWRs [W] (CE) [B8 W]
-for BWRs [GE] (w/wo core spray)

(See LOFT discussion)

Reflood heating rate tests
-for PWRs [W] (CE) [BW]
-for BWHs [GE] (w/wo core spray)

(See LOFT discussion)

Reflood heat transfer measurements con-
ducted by CE at Erlangen, Germany.

Needs examination at System Test Level

Engineering-type measurements at ven-
dors Sensitive to design; no experiment
completely equivalent to full-scale con-
tainment. Tests at LOFT and at Marviken
may give generally applicable information

Scale

E

E

E

'Symbols used with Representative Special Effects Tests indicated the following: ( )—Open (Publishable)
Proprietary Test.

Key to contractors carrying out indicated tests:
BNL-Brookhaven National Laboratory
OHNL-Oak Ridge National Laboratory
PNL-Pacific Northwest (Battelle) Laboratory
ANC-Aerojet Nuclear Corporation
MIT-Massachusetts Institute of Technology
BCL—Battel1.e Columbus Laboratory
GE-General Electric
W- Westinghouse
CE—Combustion Engineering
B 5 W—Babcock and Wilcox
LASL-Los Alamos Scientific Laboratory
Scale symbols are as follows: B-Basic Model Development Scale; E—Engineering Test Scale.

Test; [ 1—

(a) The transient thermal, mechanical, and
nuclear response of the core and primary system com-
ponents and the hydraulic behavior of the fluid under
LOCA conditions.

(b) The capability of current ECCS designs to
fulfill their intended function.

(c) The margins of safety inherent in the capa-
bil. ity of the current ECCS designs.

(2) Verify the adequacy of the design criteria used to
establish the capability of ECCS designs to fulfill their
intended function.

(3) Reveal thresholds or unexpected phenomena which
affect:

(a) The validity of the analytical models used to
predict the thermal, mechanical, and nuclear response
of the core and primary system components and the
hydraul. ic behavior of the fluid.

(b) The selection of design parameters pertaining
to the capability of ECCS designs to fulfill their inten-
ded function.

Accompanying the LOFT Program is the Semiscale
Program, rvhich in its present form is a scaled-down
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FIG. 10. Power burst facility (PBF) core plan view.

&ABLE XXIV. Maximum capabilities of Power Burst Facility reactor.

Maximum core steady power
Maximum core power during shaped burst
Maximum core power during natural burst
Minimum asymptotic period during natural burst

Maximum test cluster size in reentrant in-pile tube

Maximum test cluster size in through in-pile tube

Maximum loop operating pressure
Maximum loop operating temperature

40 MW
1000 MW

240 000 MW
1.3 msec

E

45 PWR rods
21 BWR rods

(
70 PWR rods
40 BWR rods

2250 psig
650'F
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version of LOFT with an electrical. ly heated core in
which many thermal and hydraulic phenomena can be
studied as separate effects as well as scaled integral
effects. Instrumentation can also be tested before the
main LOFT experiments.

Thus, when augmented by code analysis, the LOFT
test bed makes possible experiments in which all the
LOCA phenomena, studied els ewhere as s eparate
effects, are intended to appear and interact with each
other as they would during a LOCA at an operational.
power reactor. The construction and operation of such
a test, with major experimental as wel. l as safety re-
quirements, requires a number of years and consumes
a substantial fraction of the RSR budget. In this section
we wil. l summarize LOFT's salient features and discuss
to what extent we believe it can fulfill its role.

b. System descript/ on and sca/lng

The LOFT system is designed like a small. PWR and

is constructed on a mobile test assembly, which con-
sists of the pressurized-water reactor system mounted
on a railroad dolly that can be moved between. engineer-
ing buildings and the special containment (test) chamber
(see Figs. 11a and 11b). A cutaway of the LOFT reactor
vessel is shown in Fig. 12. An electrical core is also
available for the initial test series. A schematic layout
of LOFT is shown in Fig. 13 where the reader should
note that the "operating" side has one steam generator
and pressurizer and a pair of pumps. The "break" side
has resistive simulators for the pumps and steam gen-
erator which connect to a blowdown tank. While there
is a general similarity between the LOFT and typical
large PWR configurations, one should realize that for a
single leg break a PWR usual. ly has several operating
(unbroken) loops instead of one and in the loop contain-
ing the break the PWR has real components whose prop-
erties are not purely resistive. Table XXV shows some
important LOFT system parameters.

The crucial issue is the comparison between LOFT
system parameters and those typical. of a PWR. One
notes from the above table that the initial pressures and
temperatures are typical of PWR operation. In Table
XXVI the volume distributions and volume/power dis-
tributions are compared. A more extensive volume
breakdown is provided in Tabl. e XXVII; surface area
comparisons and hydraulic resistance comparisons are
presented in Tables XXVIII and XXIX.

A useful examination of the scaling features has re-
cently been completed (Ybarrondo et a/. , 1975). The
class ical approach is to cons ider the appropriate dimen
sionless numbers that characterize the problem, such
as the Prandtl number (heat exchange), the Mach number
(velocity), the Reynolds number (inertia and drag), the
Froud e number (inertia and gravitational fore es), and

the length-to-diameter ratio. It suffices to say that
complex, transient, two-ph3se fl.ow is not wel. l enough
understood to develop a useful scaling criterion on this
basis. Indeed the sealing l.aws for some of the impor-
tant phenomena (e.g. , critical heat flux) are not under-
stood.

Thus an expedient but less rigorous procedure has
been used. To insure that the same relative amounts of

fluid are available for energy exchange in LOFT as in a
large PWB, the scaling criterion chosen is volumetric
and volume/power (i.e., power density) scaling. In
addition, scaling of fluid channels and fuel diameter in
the core is 1:1. The break area for LOFT is chosen so
that the LOCA time scale should be approximately the
same in each case tested. Core volume/vessel. volume
ratios are also made comparable, so that gross core—
vessel energy transfer effects should also be represen-
tative. On these bases, the designers of LOFT believe
that its behavior will be comparable with a typical PWR.
However, surface-to-volume ratios cannot be matched
at the same time; one also cannot match hydraulic re-
sistances, as can be seen from Table XXX. The core
area/break area ratios also cannot be matched, and
the vessel-volume/system-volume ratio differs by
roughly a factor of two. While arguments have been
presented (Ybarrondo et al. , 1975) that these mismatch-
es in scaling do not introduce serious effects, one must
realize that LOFT will be qualitatively representative of
PWRs in characteristic behavior, but many points are
compromises whose effects are hard to estimate at the
pres ent state of knowledge. For example, one expects
that during the blowdown the fluid pressures should be
comparable since the initial temperature distribution
would be selected for the test, and blowdown time scale
would be made representative by choice of break aper-
ture.

Refill poses a less felicitous situation. The two-inch
downcomer width in LOFT, combined with a vessel-
length/diameter ratio larger than typical of a PWR,
makes LOFT downcomer flow relatively more one-di-
mensional, with the effect that ECCS bypass phenomena
and the refill time scale may be atypical. In addition,
steam binding phenomena, important for ref l.ood rate,
will not be truly representative. Also, break flow con-
ditions, slip flow in pipes, steam-water phase separa-
tion, two-phase frictional effects, possibl. e large non-
linear oscillatory behavior, and momentum effects at
fl.ow splits and direction changes are exampl. es of the
phenomena that are expected to be dependent on size and
other dimensionless parameters previously mentioned.
It is difficult to estimate their effects accurately. Final-
ly, possible core b1.ockage wil. l. escape simulation in
LOFT because of planned use of unpressurized fuel.
Core cross flow effects are also unlikely to be represen-
tative.

Thus in view of these scaling uncertainties, we believe
that it is fair to regard LOFT not as a proof test of
PWB ECCS behavior, but rather as an important test
of our understanding of the various separate effects in
interaction with each other, with basic thermodynamic
variables and LOCA time seal. e which wil. l. probably be
roughly typical of PWRs. For example, LOFT affords
an excellent chance to examine the extent to which we
understand the crucial critical-heat-flux behavior;
LOFT will certainly throw light on ECC bypass pheno-
mena and ref lood heat transfer behavior so important
in determining the temperature history of the core,
even though results may not be completely typical of
operational PWRs.

LOFT also provides the type of facility in which a variety
of LOCA conditions can be created with tests that can

Rev. Mod. Phys. , Vol. 47, Suppf. No. I, Summer 1975
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6ft cceleration (6)

train ( P 4)

FIG. 12. Schematic of LOFT reactor vessel with associated experimental instrumentation.

take into account previous test results. We strongly
urge that a flexible and responsive test approach be
maintained. LOFT also provides a unique test bed for
study of the efficacy of alternate approaches to ECC
(e.g. , direct injection of fluid into the lower and/or
upper plenum) in comparison with the present approach.
We strongly recommend that emphasis be given to such
examination of alternate ECCS approaches in LOFT.

In the LOFT planning, one again sees the pervasive
nature of the design-basis-accident approach to LWR
safety. The LOCA design-basis-accident emphasizes a
major pipe break without much reference to other ab-
normal conditions that could accompany such a break.
In the LOFT program this can easily result in a tenden-
cy to choose typical. no&mal PWR conditions as initial

conditions for the LOFT LOCA, ignoring the possible
roI.e of a5noy'mal PWR conditions in inducing the LOCA
in an actual situation. Thus we recommend that a wide
range of initial. conditions, including those correspond-
ing to abnormal LWR conditions, be included in the
LOFT series. Such a range is also important to put
computer code calculations to a better test.

Because not all the phenomena can be scaled in the
same way, LOFT scaling is necessarily a compromise,
which makes the issue of code calculation and verifica-
tion, using LOFT data, extremely compl. ex. As ampli-
fied in Sec. VI.I, our evat. uation of the present lumped-
flow calculations is that they are not likely to provide
a satisfactory quantitative comparison of the various
separate effects experiments vis-a-vis the same effects

Rev. Mod. Phys. , Vot. 47, Suppl. No. 1, Summer t975
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FIG. 13. LOFT primary
coolant system with blowdown
loop (see Table XXVI).
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TABLE XXV. Some important LOFT system parameters.

Nominal full reactor power

Nominal primary coolant pressure

Average primary coolant temperature

No-load system generator pres sure
(secondary side)

Maximum reactor vessel outlet
temperature

Reactor core length

Peak linear power density

Typical number of fuel rods

Effective core diameter

Reactor vessel total volume

55 MWt

2250 psia

543' to 577 F

930 psia

610 F

5.5 ft

19 kW/ft

1300

-30 in

92 ft,

as they occur in LOFT, although with sufficient adjust-
ment of parameters one may get a reasonabl. e fit. We
believe that better codes, with a more compr ehens ive
treatment of the physics and incorporating a minimum
of arbitrary parameters, are a necessity for this job of
careful. data comparison. This is particularly true for
the more problematic job of scaling such results to full
PWR conditions.

Overal1. , we believe that I OFT can provide a very
valuabl. e test of the understanding of PWR LOCA pheno-
mena on an integral. system basis, including effects of
abnormal initial conditions. Comparisons of the relative
effectiveness of alternate ECCS approaches can be of
particular value. Yet we have serious reservations
about the extent to which one can expect to achieve a
compl. ete quantitative understanding of system behavior
at ful. l. PWR size, based on scaling LOFT tests, even

given currently planned separate effects tests and ad-
vanced codes. It is also sobering to rea, lize that nothing
comparable to LOFT exists for the BWR reactor con-
figuration. We observed in Sec. V that there is greater
confidence that the ECCS in a BWR will function as de-
signed because of reduced complexity in the primary
system compared to a PWR and because of an ECC
fluid injection procedure that eliminates steam binding
as a problem in BWRs. One must realize, however,
that without a system level test, BWR analysis rests
heavily on the same type of code calculations whose
1imitations we have discussed at length. We will return
to all. these points in our overall evaluation in Sec. VI.J.

c. /nstrumentation and measurements

All of the above discussion has assumed an ability to
make all the desired measurements on LOFT to the
desired accuracy. It is now appropriate to describe
what may be expected from the program. We will sum-
marize the situation as of August 1974, when the de-
tailed study was carried out describing both core mea-
surements and primary system hydraulic measurements.
A list and evaluation of measurements for the two re-
gions is presented in Tabl. e XXX.

Cove measurements: The core has been instrumented
with 185 thermocoupl. es to determine the cladding tem-
perature at various core 1.ocations and at many positions
along rods. There are 11 more thermocouples on
guide tubes, and 35 more to measure coolant tempera-
ture in representative locations. For pressure deter-
minations there are four measurements of absolute
pressure at different locations, and measurement of
differential pressure at two locations. Vertical mass
flow measurements are attempted by an instrument
consisting of a drag disk, to measure pv', and a tur-
bine meter, to measure velocity. Core liquid level
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TABLE XXVI. Comparison of LOFT and PWR primary coolant system volume distribution and volume/power ratios.

Item Component LOFT

Fraction
of total volume (ft /ft )

Four-
loop PWR ~ LOFT

Volume/power
ratio (ft /MWt)

Four-
loop PWR ~

2.
3.

Reactor vessel
Steam generator ~

Primary coolant pump d

Pressurizer
Intact loop(s) volume
Ruptured loop volume from reactor vessel to break plane

0.380
0.352
0.026
0.147
0 355
0.118

0.366"
0.252
0.037
0.125
0.340
0 ~ 170

1.36
1.26
0.09
0.53
1.27
0.43

1.8»"
1.25
0.18
0.62
1.68
0.82

A selected, typical design.
b Based on downcomer gap of 2.0 in.

,
' Total volume in all steam generators.

Total volume in all primary coolant pumps.
Three of four loops in PWR including the three steam generators and three pumps.

detectors, which were originally planned, have been
deleted. Finally, neutron flux is measured by four
fixed poorer measurements and four scanned power mea-
surements (as function of core axial position).

Our assessment of core instrumentation is that the
temperature measurements utilize an appropriate tech-
nique and are reasonably sufficient in number; There
will clearly be difficulty in accurate calculations of heat
transport for the fuel rods without direct measurement
of conditions inside the rods. Since the present rods
are unpressurized to avoid ballooning and rupture, the
gap conductance must be evaluated separately. PBF
tests are scheduled to study these problems. With un-
pressurized rods there is risk of collapse during the
LOCA cycle, which could create an uncertain thermal
conduction geometry that could make ref lood heat trans-
fer measurements hard to interpret. While these prob-
lems are recognized, we have seen no data that convin-
ces us that changes in fuel. rod gap conductance and rod
geometry will not be significant. More work needs to be
done in this area to insure interpretable quantitative
measurements.

The pressure measurements appear adequate in num-
ber. However, neither carefully analyzed calibration
data nor an accurate determination of errors was avail-
able as of August 1S74. Thus we view this as a matter
to be clarified as soon as possible. The absence of
direct core ~ater level measurement is disturbing
since a direct check could be made against the time
variation of the temperature measurements. One also
loses a direct measurement of core ref lood oscillations.
We gather that such measurements were originally
planned, using the technique described below for the
other primary system locations, but were dropped for
"safety reasons. " The AEC should seriously consider
their reinstatement. Neutron flux measurements appear
sufficient in number and in range; but, as with the
pressure measurements, no carefully analyzed calibra-
tion data, hence no careful error determination, was
available to us. It should be possible to get reasonable
neutron measurements with the measurement techniques
planned.

The mass ftozo measurements, using drag disks and
turbine meters, pose questions of accuracy and range.

For us e in the core, they may give s emiquantitative r e-
sults of vertical flow over roughly a factor of 10 in
velocity, provided calibration taking into account
shadowing effects shows the gauge useful (see below).
There are still major reservations concerning its use
in two-phase flow. Again, the absence of carefully
analyzed calibration data and an absence of careful
error analysis do not reassure us of the performance
of this type of measurement, given the importance of
mass flow to the testing of our understanding of core
hyd rau lies.

Primary System Thermal Hydraulic Measurements:
The measurements to ascertain the important hydraulic
variables that characterize the ECCS behavior occur in
many locations and are not as easy to summarize as
those for the core. Bather than going point by point
over the system, we will present our conclusions for
each type of measurement that is planned, along with
some recommendations concerning some that are not
planned at present.

There are many thermocouple locations at critical
places in the system with concentration at the core in-
let, the downcomer, the core outlet, and individual
thermocouples in the upper plenum, steam generator,
and at ECC fluid inlet and outlet l.ocations. The choice
of locations is a reasonable one. Calibration and time
response data have not been processed in detail, and
there is some doubt about ability to make good measure-
ments with superheated steam; but with careful. cali-
bration and treatment of systematic errors, the pros-
pects for useful temperature measurements are good.

With the Pressure measurements (absolute and dif-
ferential) there are potential problems. First, while
there are many individual. locations covered, there are
many important points where only one gauge is located.
In some cases it may be possible to estimate the pres-
sure from other measurements, but one must conclude
that there is insufficient redundancy in this basic ther-
modynamic measurement to insure that the data on each
test can stand as a complete, hopefully overdetermined
package. More gauges should be available for inter-
comparison, preferably with ranges which differ sig-
nificantly enough to act as a proper check on each other
and allow for the unexpected. Second, there may be
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TABLE XXVII. Comparison of LOFT and a large PWR (3411 MWt) primary coolant system volume distribution.

Item

PWH, (Trojan)

Vo total Vo total Volume (ft )

"Ideal LOFT b

volume" (ft )

1. Reactor vessel

a. Outlet plenum
b. Core@ bypass
c. Lower plenum
d. Downcomer 5, inlet annulus

Subtotal

1 959'
920

1 050
721

15.95
7.50
8.58
5.89

37.95

11.7
4.0
9.22
8.91

31.8
11.1
25.12
24.25

31.6
14.8
16.9
11.6

2. Operating loop ~

a. Hot leg pipe
b. Cold leg pipe
c. Pump suction pipe
d. Steam generator
e. Pump

Subtotal

237
255
378

3 231
240

1.94
2.08
3.09

26.4
1.96

35.47

4.88
5.00
4.41

18.2
2.57

35.06

13.28
13.61
12
49.4

7.0

3.82
4.11
6.09

52.1
3.86

3. 8lowdown loop

a. Hot leg to break
b. Cold leg to break
c. Steam generator
d. Pump
e. Additional volume-

part of outlet plenum
f. Additional volume-

part of inlet plenum

Subtotal

79
211

1 077
80

N/A

N/A

0.65
1.72
8.80
0.65

N/A

11.17

2.27
2.60
7.12
0.84

N/A

10.56

6.19
7.08

19.39
2.3

1.27
3.40

17.3
1.28

N/A

N/A

4. Pressurizer 1 800 14.7 12.5 29.0

Total 12 240 100 100 272

Values for PWB for 3-loops combined.
LOF T core power of 55 MWt"Ideal LOFT volume" =PWR volumex

PWR core power of 3411 MWt

serious systematic error problems in such pressure
measurements. Many pressure transdueers are sepa-
rated from their orifice by long tubes containing one or
two valves, thereby creating possible fluid traps and
organ pipe effects that may seriously distort the signals.
Such valves were put in for safety reasons ryhich are
no longer regarded as so restrictive. The way to fix
the measurements seems to be wel. l. known but not easy
to implement at this stage. Unfortunately, neither
carefully reduced calibration data nor a careful error
analysis was available in August 1974. Preliminary
measurements presented later left serious doubt. It is
very important to remedy these difficulties as soon as
possible to ensure that credible and accurate pressure
measurements can be made.

A relatively nice device has been developed to mea-
sure the liquid level and is used at a number of locations
in the downcomer and other critical locations. Again,
we would like to have seen measurements that assured
us of its reliabil. ity and ability to respond to oscil. lations.

A gamma ray densitometer is being utilized to
measure deygsity at each of five locations where mass
flow instrumentation is al.so located. The gamma in-

strument features a source on one side of a pipe and
three detectors at different locations on the other side,
so that three line- integrals of density are obtained at
the location. The line-averaged density can thus be
obtained with response up to 100 Hz. Some information
about the type of two-phase flow regime can be obtained
by comparing the three detectors at the given location.
This technique has proven very useful in other labora-
tories for two-phase flow measurements. Unfortunately,
since neither calibration data nor error analysis was
available for the gamma densitometers planned for
LOFT, it is impossible to know how accurately the
measurements will determine the ratio of steam and
liquid densities in typical situations anticipated. This
information should be ascertained as soon as possible,
since a number of other points in the system would
benefit from the measurement, especially if the range
can be pushed to low enough densities to obtain values
where an appreciable fraction of steam is present.

Mass bozo measurements are currently planned at
four locations: the core outlet, the downcomer, the
blowdown loop hot leg and the bl.owdown loop cold l.eg.
As mentioned earlier, a drag disk is used to measure
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Item LOFT

TABLE XXVIII. Surface area comparison.

Large
PWR

TABLE XXIX. LOFT blowdown system resistance and a
large PWR broken loop resistance comparison for an inlet
break.

Core surface area (ft ) 55 630 Item
"K" factor

LOF T PWR

Unbroken loop steam generator
tubes (ft~)

Structure area (ft )

Total (ft )

Core surface area
Actual P CS volumed

1567~

6 050

137250

67 931

260 811

54

1. Broken cold leg
2. Hot leg to steam generator
3. Steam generator
4. Steam generator to pump
5. Pump locked rotor resistance
6. Pump to break

0.071
0.12
3.87
0.14

18
0.76

0.043
0.087

3.5 4.00
0.48

18
0.071

Steam generator tube area
(ft )Actual PCS volumed

Structure surface area
Actual PCS volume

Total primary surface area
Actual PCS volume

5.67

22.2

11.2 a

5.54

21.3

Three unbroken loop steam generators only.
~ By difference, PWR value includes 48790 ft for broken

loop steam generator.
If the "LOFT Ideal Volume" of 197 ft3 is used, this value

is 4.84.
PCS is Primary Cooling System.

pe and turbine meter to measure v. The gauge as
currently designed has already received criticism for
its limited range, its accuracy, and the fact that the
drag disk and turbine meter shadow each other. In two-
phase flow it is not obvious how its measurement will
be interpreted. We could not find evidence of a careful
examination of other mass fl.ow techniques, common in
hydrodynamic measurement usage, ' for possible appli-
cation to LOFT. In view of the stated desire to test code
ealcuIations with such important variables, we bel. ieve
that effort should be made now, while there is still time,
to try to bring to bear additional. methods to make point
density mass flow and fluid velocity measurements.

Overall. , we question whether the LOFT instrumenta-
tion is up to the task. Very I.ittl. e serious evaluation and
calibration data were available to us as of August 1974
although more has no doubt been accomplished since
then. There appear to be serious problems with several
of the important measurements, and there is certainly
insufficient attention to instrument redundancy and over-
lap of ranges to allow for the unexpected. In the case of
mass flow, we feel that further development is likely to
be necessary to obtain satisfactory measurements. We
recommend a major effort to upgrade the LOFT instru-
mentation in quality, range, quantity and redundancy, as
time is running short.

TAB LE XXX. Principal LOF T instrumentation.

Instrument Purpose

Locations
Primary

Core system

Ther mocouples Temperature OK OK

Pressure transducers Absolute pressure

Pressure transducers Relative pressure

Gamma ray sensor Fluid average density

Liquid level detector Fluid level

M, IR

M, IR

M, IR

OK~, IR

OK?

mental data on LOCA phenomena for basic model de-
velopment and testing, for LOFT design assessment,
and for evaluation of LOFT instrumentation methods. It
utilizes an electrically heated core typically 5.5 feet
long, of 1.07 MWt maximum, and it is designed to oper-
ate up to 2200 psi and 500—600 F. In a typical (change-
able) configuration the vessel is 90 inches in length be-
low the cold leg inlet with an inner diameter much
smaller than its length. The downcomer width is typi-
cally I/2 to I inch. Thus it has a very one-dimensional
appearance and performance relative to LOFT. It is
adequately equipped to make the same sort of measure-
ments previously described for LOFT and is well adapt-
ed for fairly rapid changes. Transparent vessels can be
introduced for special flow observations, but sturdy
metal ones are the norm for measurements at high
pressure and temperature.

Historically, Semiscale measurements provided the
first experimental. indications that ECC fluid bypass
effects could be important. Measurements of subcooled
decompression processes have been useful. Extensive
measurements of interactions of injected fIuid with two-
phase fluid have also been important and are continuing
in additional configurations. Several series of meas-
urements of critical heat flux phenomena during bl.ow-
down have been and are being carried out for correla. —

tion with other separate effect measurements conducted

d. Sernlscale measuremen ts
Drag disk {pv~)
Turbine meter Mass flow

Semiscale is currently configured as a l-l/2 loop
"little brother" of LOFT. It is shown in Fig. 14. Its
present program objectives center on providing experi-

~8See, for example, G. F. Hewitt, "Role of Experiments in
Two-Phase Systems with Particular Reference to Measurement
Techniques" (Hewitt, 1972)-

Neutrons —fixed
Neutrons —scanned Neutron flux OK

Comments on Instrumentation:
OK-Instrumentation adequate in type and number
Q-Questionable design (significant systematic errors)
M-Marginal design (unevaluated possible errors)
IR-Inadequate redundancy and/or range
OK? -Appears adequate but data on behavior unavailable
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elsewhere. The delay observed in departure from nucle-
ate boiling (DNB) in the Semiscale experiments has
already been important in identifying highly desirable
potential. DNB delay effects in LOFT and by implication
perhaps in operational. PWRs as well. .

Overall, Semiseale's fl.exibility and adaptability make
it an extremely useful tool in studying ECC thermohy-
draulic behavior, and its instrumentation is sufficient
to give code predictions a good test. For example,
sensitivity studies of various break locations are a
natural. for Semiscal. e. Of course, Semiscale's small
size relative to an operational PWR (-1/3000 in power)
and its very one-dimensional character rule out direct
applicability of much of its results to operational. size
reactors. Nevertheless, the program laid out for the
next few years, with a variety of blowdown and ref lood
heat transfer tests, should provide valuable parametric
study data when compared with the LOFT results.

G. Containment research

As part of its safety philosophy of multiple barriers
between the public and the radioactivity contained in nu-
clear reactor fuel in a power plant, the AEC requires
that the entire reactor primary system, and much of the
secondary (steam) system, be installed in a large rein-
forced concrete containment building, along with special
systems intended to control radioactivity and maintain
suitable building pressure conditions. A brief descrip-
tion is provided in Sec. IlI and V as important back-
ground for the discussion presented here. In normal
plant operation, the containment building retains the
low-level routine radioactive emissions for processing
into holdup tanks for decay before release and for vent-
ing through specially designed filters.

In the event of a LOCA, the expelled primary coolant
mould flash to steam and pressurize the containment
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volume. ' Containment building design must take into ac-
count the maximum temperature and pressure expected
from the steam that would be released initially by the
primary system. There are often subsystems, using
either water or ice, which are intended to quench and
condense this steam, along with heat exchangers to con-
trol the temperature and hence the pressure over a long
term. The heat exchanger must provide for removal of
the heat released by the radioactive decay of the reactor
fission products, otherwise the heat would increase the
steam pressure and might eventually rupture the con-
tainment. Condensing the steam, thereby lowering the
containment pressure, also reduces the driving force
for possible outward leakage. This is important since
in a major LOCA the significant radioactivity held in the
primary coolant would be released into the containment.
There are a number of subsystems, which vary from
one reactor to another, intended to control this radio-
activity. Among the more important are water sprays
containing chemicals to increase retention of radioac-
tive fission products, especially radioactive iodine, and
blowers with special recirculation filters and absorption
beds to remove or reduce airborne radioactive parti-
cles.

There are two possible major complications. First,
in a PWR, the LOCA might also release into the contain-
ment volume part of the steam contained in the second-
ary system; this could result in a much higher internal
containment pressure than would be the case for steam
flashed from the primary system alone. Second, in the
unlikely event that the accident is so severe that the
core melts, a very large amount of radioactivity would
be released into the containment volume, much more
than present radioactive removal systems are designed
to cope with. Section V notes that, in the event of actual
core melt, there is also the possibility of a steam ex-
plosion from interaction of melted fuel and ECCS fluid.
Such an explosion could conceivably stress the contain-
ment to failure. Under core meltdown, concrete de-
composition becomes a possibility leading to even higher
pressure inside the containment volume due to noncon-
densible gaseous products (CO, ) of the decomposition.

In general, containment systems have worked well in
controlling routine and minor radioactive emissions, but
have not yet been subjected to definitive test by a major
accident or large-scale experiment. It is likely that
present heat-removal/pressure-reduction systems and
radioactive removal systems would be reasonably effec-
tive in ameliorating effects of a minor accident, so that
containment would be effective. However, in the event
of a major accident, there would be many uncertainties
and unknowns concerning pressure and temperature in
the containment volume; and there are major uncertain-
ties in the way present heat removal and pressure re-
duction systems would work. There are also major un-
certainties in the effectiveness of systems intended to
'reduce radioactivity if a severe accident were to occur.

Currently, the main thrust of the U. S. containment
research program is in the ar'ea of computer codes.
AEC RSR is planning to spend about $150K in FY1975 to
develop a "best estimate" computer code to model con-
tainment behavior during the early and later stages of a
loss-of-coolant accident. In FY1976. RSR plans to con-

tinue with studies of BWR and ice containment systems.
The vendors are working on containment pressure

analysis for their own designs —Westinghouse on the ice
condenser system, and General Electric on the BWR
double-compar tment containm ent. Westinghouse has
also just completed testing a model of their ice conden-
ser system while General Electric is testing a model of
one segment of their double-compartment torus design.
EPRI was supporting no containment research as of
August 1974.

Experimental containment research is taking place in
foreign countries. The U. S. has joined w'ith Sweden,
Denmark, Norway, Finland, West Germany, France,
and Japan in tests at the Marviken power station, origin-
ally designed as a 140 MWe boiling heavy-water reactor,
located about 100 miles southwest of Stockholm on the
Baltic Sea. The nuclear core has never been installed,
and steam and heat are supplied by an oil-fired boiler.
The U. S. contribution has been $100K for participation
in the first set of large-pipe blowdown, containment,
and isolation valve tests. The Marviken containment
test has had 16 blowdown runs and more are planned to
observe the following:

containment response to ruptures in pipe systems
connected to the pressure vessel;

~ component behavior under post accident conditions;
and

~ containment leakage and iodine transport.
Marviken is most similar to the General Electric BWR
Mark III containment system, but the important link be-
tween Marviken and light-water reactors is the data on
mass flows of steam and water from a reactor pressure
vessel when a pipe bursts and on the subsequent pres-
sure suppression. These data should be useful to check
existing computer calculations to see if they give a good
representation of containment stresses and response
phenomena. Preliminary analysis and reports based on
the 16 blowdowns indicate that pressure-suppression
systems did work qualitatively as expected. Although
the full test reports are not completed, there are sev-
eral aspects that appear encouraging, including the fol-
lowing:

(1) Preliminary analysis indicated leakage far below
allowable levels when minute amounts of radioactive
iodine were included in the blowdowns to check on leak-
age through the concrete containment walls and isolation
valves.

(2) The pressure suppression appeared to be adequate.
Since the area/volume ratio for the Marviken contain-
ment is roughly the same as for the larger U. S. light-water
reactors, it will be a relatively straightforward extrapo-
lation to estimate the steam condensation on the dry-
well walls for small pipe breaks or into the wet well
pool for large breaks.

We encourage RSR to publish these data along with an
evaluation of their significance to U. S. light-water reac-
tor containment systems. In addition, we encourage
the U. S. to pay close attention to future Marviken tests
and to the possibility that they may be altered to test
containment spray and other improved systems. RSR
is presently negotiating to participate in the Marviken
II experiments, at a cost of $250K/yr. The U. S. will
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also exchange information with the German containment
study being conducted at Battelle, Frankfurt. The
Frankfurt effort is on drywell containments with sub-
compartments and blowdown tests to observe stress on
the primary system.

We believe that much more can and should be done
with respect to containment research in the U. S. pro-
gram, emphasizing better methods and subsystems as
well as better understanding of the important uncertain-
ties in phenomena that can potentially lead to higher
containment pressures. We recommend:

(1) Particular emphasis on research on containment
systems immune to loss of power. Some of the worst
loss-of-coolant accident scenarios involve loss of power
and subsequent loss of the containment functions.

(2) Improvement in pressure suppression and heat re-
moval devices. Once again, the main emphasis should
be on systems that are independent and passive.

(3) More research into the mechanism of steam ex-
plosions, in particular, behavior of a molten mixture of
steel, zirconium, and uranium dioxide when contacted
by water. In addition, it is important to understand
better the extent to which the containment building and
subsystems could resist the effects of a steam explosion
should one occur.

(4) Study of whether it might be beneficial to provide
relief through a filtered stack (soft failure) should the
pressure limit on the containment be reached.

(5) Improvement and better verification of the reli-
ability of filters under abnormal conditions and improve-
ment in the efficiency and reliability of scrubbing
sprays, which must remove the bulk of radioactive
materials in the event of a major accident.

(6) Re-examination of "core catcher" concepts to aug-
ment present types of containment in the event of a
meltdown accident (see Sec. VI.H).

Coordination of effort here among vendors, national
laboratories, universities, and others can only be
achieved effectively by a single agency, clearly the
AEC. We note that the present system of incentives
does not seem to stimulate much effort in the industry.
We believe that a concerted research effort in these
areas, with judicious use of engineering hardware and
better testing, is likely to be fruitful.

H. Research on radiotogical consequences, accident
mitigation, and recovery

In analyzing the societal cost-benefit balance of com-
mercial nuclear reactors, one needs to know the prob-
ability of accidents as well as the consequences. We
have noted that RSR has mounted an internal program to
continue the probability analysis utilized in Draft
WASH-1400. We addressed in Sec. V the difficulties in
estimating the consequences should a major accident
occur and containment fail. A principal conclusion of
that discussion is that the phenomena important in the
consequences and recovery from a major reactor acci-
dent are among the least well understood of all those
involved in the safety and operation of nuclear reactors.

Immediate deaths from high doses, in the unlikely
event of a major accident, are rather localized geo-

graphically. Such acute effects are highly dependent on
local meteorological conditions and on locations of pop-
ulation centers relative to the reactor, ' they are also
sensitive to release conditions specific to the accident.
Moreover, a variety of radionuclides must be con-
sidered, and there are many uncertainties in dose'-ef-
fect coefficients. Thus, for acute effects, siting is a
very important consideration. However, many of the
expected deaths, illnesses, and property denial in such
an accident would be related to total dose (man-rem)
effects which are likely to be long term and extend over
large distances (hundreds of miles). This category of
consequences is less sensitive to vagaries of weather
and location, but is quite sensitive to long-term dose-
effect coefficients for genetic and cancer effects and to
the effectiveness of decontamination, which must con-
tend with radionuclides removed from the air by various
fixing mechanisms. The discussion in Sec. V points out
that radioiodine in the air would be a principal cause of
latent thyroid cancers that would occur over a long
time period, and long-lived radioactive cesium, de-
posited and fixed in the soil, would be very important
for land contamination thresholds for evacuation and
agriculture withdrawal.

The research program on these phenomena falls into
four broad categories dealing with fission product re-
lease, meteorology, biological effects, and decontamin-
ation effectiveness. The AEC is sponsoring research
on fission product chemistry at Oak Ridge ($100K,
FY1975) and a study by Sandia ($150K, FY1975) of core
meltdown. The AEC is also doing research on the mech-
anisms of release of important radionuclides (such as
Xe, Ce, I, Te) from molten fuel. The RSR is negotiat-
ing with the West German government for use of a
crucible to melt down some two to four kilograms of
simulated irradiated nuclear fuel and then actual irrad-
iated fuel to observe the fission product release and
measure heat conduction in molten fuel. While this re-
search is a good start, there are other areas that need
attention, for example, the effect of CO, sparging on
the molten core as a result of concrete decomposition
and the magnitude of volatile and nonvolatile oxide re-
leases.

The AEC now requires that at each reactor site the
licensee must conduct meteorological monitoring and
maintain records of conditions at and around the plant.
These records are intended to allow analysis of radio-
active release consequences on a plant-by-plant basis
and to make site selection more quantifiable. What is
lacking is long-distance meteorological data regarding
bulk air transport for hundreds of miles. While there
have been many studies and analyses of atmospheric
dispersion and plume behavior for nonradioactive pol-
lutants, even more data would be very useful. We
recommend that RSR continue integrating these results
and applying them to radioactive releases, taking the
initiative to obtain the missing meteorological and dis-
persion information. Of particular interest are (1) the
effects of wind wander and velocity changes with height
and time on dispersion over long distances; (2) im-
proved understanding of solubility and particle size in
aerosols likely to be released in a core melt accident;
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and (3) the likely deposition rates of these aerosols and
other airborne radioactive materials.

Much animal research has been conducted on biolog-
ical and radiological consequences of various radionu-
clides and radiations. Unfortunately, not very much of
these data is easy to apply directly to the question of ac-
cident consequences because of the great uncertainties
in drawing conclusions concerning humans based on ex-
periments conducted on animals. Better understanding
is needed concerning the extent to which animal data on
radiation-induced cancer and genetic effects can be used
to predict the corresponding consequences in humans.
Many uncertainties in all such areas center on the so
far unanswered questions on long term, low-level radi-
ation effects, including possible thresholds and cell
damage and repair mechanisms.

The dose--exposure coefficient, which relates inhaled
radioactive iodine to thyroid doses, should be under-
stood better, especially for children. Analysis of con-
sequences to the thyroid would be greatly aided by a
systematic analysis of all data available on cancer and
nodule production resulting from the diagnostic and
therapeutic administration of radioactive iodine. For
analysis of immediate deaths due to acute radiation
damage, a critical question concerning the amount of
self-shielding of the gastrointestinal tract against beta
radiation f rom diff erent important radionuclides could
be answered by experiments on large mammals.

As regards the mitigation of human consequences,
research is needed to verify the usefulness of taking
ordinary (nonradioa. ctive) iodine tablets to block the
thyroid from absorbing radioactive iodine, particularly

' with regard to the appropriate dose and possible side
effects for children. There seems to be little knowledge
readily available on the effectiveness of simple face
masks for protection f rom inhalation of radioactive
material and aerosols; research and experience at AEC
plants and installations may be very relevant here.

Finally, another area of great uncertainty is that of
decontamination and accident recovery. Thresholds for
evacuation and agricultural withdrawal and plans for
eventual reoccupation of contaminated areas all suff er
from a lack of def initive knowledge conc e ming the fix-
ing of radionuclides in the soil, buildings, etc. , and
their subsequent history. Uncertainty in such factors,
especially for radioactive cesium, contributes a sub-
stantial portion of the uncertainty in our analysis of
long-term consequences, presented in Sec. V.

There are also many questions regarding core melt
during an accident followed by penetration through the
bottom of the containment. For example, how much
filtering would take place in the overlying soil? Will
there be blowouts? Would radioactive gases and materi-
al force venting channels to the surface? How much
radioactive material would be leached into ground water
or nearby surface water? Such questions strongly affect
analysis of consequences as well as the significance of
possible "core catcher" technology.

We think that the AEC should take action to improve
our understanding of these areas and provide a firmer
foundation for analysis of accident recovery and for
more effective recovery planning.

I. Research Techniques

Every scientist knows that in addition to statistical
errors, experiments have systematic errors, and that
such errors frequently set the limit of sensitivity of
measurement. In a similar way theories (and computer
codes) often have built-in errors due to approximations,
uncertainties in parameters, and incorrect assumptions
that limit their ability to make accurate predictions. To
do research well, one must understand the inherent
limitations of the techniques being applied. In this sec-
tion, we shall discuss several of the potential sources
of systematic error in the theory and experiments con-
cerned with reactor accidents and how these systematic
errors can be minimized.

1. Relationship between computer codes and experiments

The naive observer might think that, given the initial
conditions (temperature, pressure, characterization of
pumps, location and size of pipe break, etc. ) an adequate
code should be able to compute and to display the course
of an accident as if the full-scale exPeximent were con-
ducted and photographed with good time and space reso-
lution at all internal points. Such a code would allow a
single computer run to replace a very expensive experi-
ment. Unfortunately, such an advanced code is not with-
in the present capabilities of computers.

The design for the normal operating modes of power
reactors puts no great strain on hydrodynamics calcula-
tions by computer. The flows are slow, so that acceler-
ation terms and compressibility play negligible roles.
The calculation of the course of a reactor incident fol-
lowing an assumed pipe break or other anomaly, how-
ever, is quite a different story. Now, acceleration
terms may dominate friction or gravity forces; the flow
may be two-phase (mixed or layered steam and water),
with different velocities and temperatures for the two
phases and with interconversion between the phases,
and the flow is typically highly compressible.

The present "best estimate" computer codes were
described in Sec. V. They break up the LWB system
into several lumped parameter subsystems, each of
which is modeled in a simplified, one-dimensional way,
using averaged flow field variables, and incorporating
a number of arbitrary parameters which must be ad-
justed. Nobody claims that the present best estimate
codes are capable of predicting reactor response in a
satisfactory way. More realistic codes require the
results of the separate effects tests (including such
items as pump behavior and plenum filling times) and
more complex computer programming (inclusion of
more physically reasonable models of two-phase flow,
increase in number of nodal points, characterization of
the reactor as a multidimensional rather than as a one-
dimensional device).

When a more realistic code is written, its predictive
ability can be evaluated on a large-scale systems test.
The planned test, LOFT, necessarily differs in many
ways from a large commercial PWR, as was discussed
at length in Sec. VI.F. One of the earliest jobs the LOCA
computer codes were asked to perform was to help
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choose the scales of the various elements of LOFT in
such a way that the response of LOFT to a loss-of-cool-
ant accident would be as close as possible to the expected
response of a PWH. BSR hopes that the advanced com-
puter codes will be able to predict the response of LOFT
in some detail and that the LOFT series will thus "ver-
ify" the codes. If the codes can in fact predict the re-
sponse of LOFT, BSR believes there will be reason to
hope that the codes represent a physically accurate
simulation of what is happening, and that the same codes,
when adjusted to represent a full scale PWH, will there-
fore be able to predict what happens within such a reac-
tor during an accident.

The symbiotic relationship planned between codes and
experiments is, in principle, an excellent one but de-
pends on a delicate balance, so that one must be con-
cerned with the pitfalls that lie on both sides. While
these pitfalls are well known within the research com-
munity, we point them out here because of the impor-
tance of unbiased results in the reactor saf ety program
and because of the difficulty of repeating the major ex-
periments in order to provide independent checks.

There is disagreement within BSR as to whether the com-
puter codes will be sufficiently well developed at the time
of the LOFT experiments to be able to predict the re-
sults. BSR has recently expanded the coding effort in
a significant way by initiating code developments at Los
Alamos Scientific Laboratory and Brookhaven National
Laboratory to attempt a more adequate realistic model,
but it is almost impossible to judge the chances for suc-
cess from the outside. It is encouraging that top people
at BSR recognize the importance of having these codes
developed in time for LOFT, but BSB appears to us to
be preparing a fallback position, to the effect that it will
be sufficient if the "evaluation model" codes can make
"conse rvative" p redictions of the LOF T experiments.
As we explain in the following section, such a "verifica-
tion of conservatism" may severely degrade the useful-
ness of LOFT into merely the sum of separate effects
tests. If the goals of LOFT are to be lowered in this
way, the cost of LOFT should be reconsidered, com-
pared to an expanded program of separate effects tests.
A genuine "verification" is critically important to our
understanding of LWR safety.

There are limitations to what can be accomplished by
computer simulation. In general, for systems sufficient-
ly simple to permit the fundamental equations of physics
to be invoked at every step and detailed conformance to
these equations (including all phases, three dimensions,
and all phenomena) to be required, there is a high prob-
ability of accurately modeling the behavior of the sys-
tem. To the extent that it is necessary to build in ex-
perimental and empirical relations, there is inevitably
some degradation of confidence in the potential success
of the program. A large LWB may be too complex to
simulate adequately on present-day computers; and it
certainly is too complex, if by "adequately" we require
complete three-dimensional two-phase nonequilibrium
flow. Thus what an "adequate" approximation is and
how difficult it is to achieve lie at the heart of our dis-
cussion.

An anecdote may illustrate these points. An experi-

ment was being prepared at the SPEBT facility in Idaho
a number of years ago that differed only in minor ways
from an experiment that had been run earlier that week.
Since it was late Friday afternoon, the apparatus was
set up but not run until the following Monday morning.
When f inally run, the experiment yielded startlingly
different results, which could not be attributed to the
minor changes made since the previous run. The differ-
ences were finally accounted for: microscopic bubbles,
which had formed at the bulk and surface nucleation
sites, had had time to dissolve over the weekend, sig-
nificantly altering the boiling response of the water to
sudden depressurization. It is hard to imagine any prac-
tical computer code that could have predicted this effect.
The conclusions to be drawn are several. The first is
the obvious but important conclusion that the result of
a single experiment may be very different from one
repetition to another. The second is that although com-
puter programs can supplement a vigorous experimental
program, they cannot supplant it. The codes are best
used as an aid to thought, as a means of discovering un-
expected phenomena which are inherent in those equa-
tions. It is incumbent upon the AEC to study the limita-
tions of their research procedures and to be able to
argue the sufficiency of the present code-experiment
research program to answer the major questions of
reactor safety. The present approach sounds reasonable,
but comparison with previous programs using similar
approaches would be helpful in determining the capabili-
ties of the program. The computer code approach may
be the best means of predicting the behavior of LWRs.
However, there is the danger that the mere existence of
extremely complicated computer codes (which few people
understand) will lead to an overconfidence in reactor
safety, unless the limitations of such codes are clearly
understood and explained to the technical community by
those who use them.

The "production" codes used at present by the AEC
(BELAP —4) and by the manufacturers treat only a locally
homogeneous fluid (although they purport to handle com-
pressible flow). Unfortunately, all these codes have
errors or ambiguities in the physics of flow through ab-
rupt enlargements of flow path (Zuber, 1974). Present
reactor codes schematize a reactor-plus-plumbing sys-
tem by a finite number (roughly 100) of lumped segments.
Since one of these segments may contain or be bounded
by a sudden change in geometry (enlargement, contrac-
tion, or change of direction), it is important to have an
accurate means of deriving volume-averaged conserva-
tion equations. Zuber has shown that the existing pro-
duction codes use an averaged equation which is derived
from an inapplicable stream-tube treatment. Five mo-
mentum-integrated equations discussed in detail by
Zuber actually disagree with one another, but it is im-
possible to evaluate the magnitude of uncertainty intro-
duced into full-scale LOCA calculations by this treat-
ment of the hydrodynamics, in view of the tendency to
introduce adjustment factors" in the process of "matura-
tion" of the code to fit small-scale experiments. These

~An example of such a factor is the "break discharge coeffi-
cient" used in several of the present codes.
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adjustment factors may well fall short of accurately
dealing with the large-scale flows. We have no argu-
ment with simplifying assumptions that are suitably
justified; we do fault incorrect physics and arbitrary
parameters.

There is no question that the better approach is to in-
sist on a formal, scientifically justifiable, published
derivation of the fundamental equations used in any num-
erical calculation. This would provide a forum for in-
volvement of government, industry, and university talent
and experience over a much broader range of interest
than is involved at present.

Apart from its relation to the computer codes, the
experimental program has inherent limitations. For ex-
ample, in the LOFT series as presently planned, the
fuel rods will not be pressurized with helium as they
are in some LWRs. Thus there is no way that the LOFT
program could have discovered the fact that ballooning
can be more serious than a higher maximum cladding
temperature, since unpressurized cladding doesn' t bal-
loon. A second example has to do with the problem of
steam binding, i.e., the accumulation of steam in the
reactor vessel which can prevent the ECCS from reflood-
ing the core. Steam binding is critically dependent on
the behavior of the steam generator and the pumps; a
pressure difference of a few Ib/in' can determine wheth-
er or not the core is cooled at a sufficient rate. In
LOFT these elements in the broken loop are represented
by purely resistive elements, so that it is unlikely that
steam binding in LOFT can simulate the phenomena of
steam binding in a commercial LWR.

All experiments have their limitations, and it is im-
portant to recognize what they are. Unless they are
made clear whenever the results of LOFT are discussed,
the casual observer might mistakenly assume that the
LOFT series of experiments will represent 'in all im-
portant respects a LOCA in a commercial light-water
reactor.

Verification of computer codes: Doubie-blind
techniques

It is common practice in medical experimentation for
neither the subject nor the experimenter to be aware of
the parameters of the experiment until the data have been
taken and the procedures for analysis specified. For
example, during the testing of a new drug neither the
physician nor the patient will know whether the medicine
being administered is the true medicine or the control
placebo until the patient's response has been recorded.
Such experiments are called "double-blind. " These pro-
cedures are essential to avoid the effect that the expecta-
tions of the physician or patient might have on the re-
sponse of the subject.

The need for double-blind techniques even in physics
and engineering research has been clearly demonstrated
In nuclear reactor safety research, it is important that
the predictions of the code be made before the experi-
mental data are available (of course, using the actual
conditions of the experiment in the calculations, not the
nominal ones). If there is disagreement, then the code can
be modified for forced agreement, "maturation, " a valid,
and useful process. However, such a code can be used

for extrapolation to a full-size LWR only with grave
reservations since its predictive power has not been
demonstrated. To verify the "matured" code, it is nec-
essary to test its predictive ability on an experiment
that differs substantially from the original experiment.

Although they have not been standard practice, double-
blind procedures have been used on occasion by both the
AEC Office of Regulation (BEG) and HSB. Clear ex-
amples are the "standard problems" used by REG to
check the predictive power of the AEC-sponsored and
vendor codes, of which there have been four run so far.
For each of these, the experimental results have not
been released to the code developers until the predic-
tions of the code were submitted to REG. Then the com-
parisons between experiment and theory were made by
a third party (BEG) and made available to the AEC. For
the current type of codes used in licensing, RE G re-
quired only that the conservative predictions be, in fact,
conservative. A disagreement in the realistic predic-
tions was used as a probe to indicate where the codes
could be improved.

RSR also used double-blind techniques by requiring
that predictions from realistic model codes be submitted
prior to all experiments. Of course, for the. procedure
to be truly double-blind it would be necessary to "pub-
lish" the results regardless of the agreement or dis-
agreement. This example demonstrates a difficulty in
the use of such techniques in RSR since the results of
the research program are not published in the usual
sense of the word. However, we do strongly recommend
that whenever experimental results are published as a
verification of a code the author specify in detail the ex-
tent to which double-blind techniques were used. There
are several examples of comparisons published in the
open literature by vendors in which no such discussion
was present. In fact, the implication of the articles is
that there was post-experiment code adjustment. ("The
code divas not able to reproduce this event. " Disagree-
ments between theory and data were atA ibuted to new
phenomena. ) [italics ours] There are obvious pitfalls here.

'Those experimental code results used to demonstrate
the safety of LWRs should be published in the open liter-
ature, where the procedures in both experimentation
and analysis can be examined by the scientific and tech-
nical community. Such procedures are usually not. fol-
lowed in engineering development; nor need they be.
However, they are essential when the purpose of the
research is verification of a hypothesis, especially
when there may be vested interests in the outcome.

Double-blind procedures are not used at the lower
levels of the experimental program, and some workers
in the program have expressed the view that they are
inappropriate at the separate effects level, or impossi-
ble at the LOFT level. Separate effects testing is con-
sidered to be engineering development rather than ex-
perimentation. They recognize that the code will not be
ready in time to give realistic predictions of the LOFT
experimental results, but that it would be unrealistic,
m.d perhaps irresponsible, to lock up the results of the
experiments until the code predictions are ready. We
would agree that there is much that can be learned from
an experiment such as LOFT even if there are not de-
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finitive predictions available, especially in terms of un-
expected phenomena. A serious effort is needed and
apparently now being made to instrument LOFT beyond
the expected ranges of response, so that good data would
be available for analysis even if LOFT behaved in an un-
expected way. Yet some in the research program have
expressed the view that the existence of many experi-
ments (the LOFT sequence, Semiscale, and others)
which must be explained by the same computer code
would serve the same purpose as double-blind proce-
dures. We disagree.

Conservatism

The present computer codes are incapable of simulat-
ing accurately the course of a LOCA in a commercial
LWR. We remind the reader that the weaknesses of
these codes arise from several sources: highly over-
simplified physics equations (a,ssumption of single-phase
flow; inability to conserve momentum a.nd energy); small
number of nodal points; limited dimensionality (most
codes assume one-dimensional flow); introduction of
arbitrary adjustable parameters to allow for unknown
response of the nodal points and system components (be-
cause the separate effects tests have not yet been done),
and so on. However, RSB must respond to the needs of
the AEC Office of Regulation (REG) and theneeds of REG
are immediate. This conflict between the state of the
art of the codes, and the immediacy of the needs of REG
is addressed by the creation of "conservative codes, "
also called "evaluation models" as opposed to "best es-
timate models. " In a conservative code, all approxima-
tions and unknowns are fit into the code in such a way
that the code should predict a worse accident than would
actually occur. REG uses the conservative codes to help
establish the safety of a reactor before it is licensed. If
a commercial reactor is shown to be safe by a conserva-
tive code, then presumably it is safe in reality.

The important issue from the standpoint of safety is to
what extent the "conservative" codes are truly conserva-
tive. The general procedure for establishing the conser-
vatism of an assumption made in the code is to try other
assumptions and to see the effect the various assump-
tions have on a critical safety parameter such as the
"maximum cladding temperature. "

The assumption that such procedures can lead to a
truly conservative code may be the weakest link in the
entire regulatory chain. To begin with, there is a fault
in the logic alone. It does not follow that because an as-
sumption is more conservative than another assumption,
it is therefore conservative in an absolute sense. It is
also not necessarily true that one can estimate the con-
servatism of an assumption by its effect on a single, al-
beit critical, parameter. For example, it was once
thought that the assumption which led to the highest
maximum cladding temperature was the most conserva-
tive. Later experience showed that a lower maximum
cladding temperature reached at a later time (when the
pressure differential across the cladding was greater)
could lead to clad ballooning, and a more severe acci-
dent. There is an imbalance in the effort and detail tak-
en in simulating reactor response, when compared to the
way in which the "conservative assumptions" are chosen.

The computer codes are designed to recreate those in-
teractions that the human mind might miss; the use of
handwaving arguments to simplify these codes compro-
mises the ability of the codes to find phenomena over-
looked by the programmer.

Thus the predictive ability of codes is weakened when
they are made "conservative. " Since the "conservative
codes" are considered "verified" even if the discrep-
ancies in their predictions are 100% (but on the conser-
vative side), it is dangerous to use them in a realm out-
side that in which they have been tested. A code which
has made conservative predictions for the LOFT facility
cannot be considered "verified, "because it is not nec-
essarily true that it will give conservative results for a
large LWB.

Because of the inherent limitations of conservatism,
we recommend that the assumptions used in these codes
be examined in detail and that a justification in depth be
made available to the broader technical community. We
also recommend that realistic models play a greater
role in the licensing procedure. BSR is, in fact, now
emphasizing the development of realistic codes. We ap-
plaud this program and suggest that all possible support
be given to the development of these codes and to the
requisite separate effects and integral system tests.

Outside review

The AEC has recognized the contributions made by
concerned citizens toward the safety of nuclear reactors,
to the extent that it now regularly requests their partici-
pation in review meetings and has welcomed the creation
of independent committees (such as this one) to study the
safety program. BSR has recently createdreview groups
to oversee some of the code and experiment planning and
implementation, in order to stimulate new ideas, pro-
mote discussion, and better coordinate experiment and
calculation. The Advisory Committee on Reactor Safe-
guards has often played the role of a review committee.

Despite this record, the amount of outside review in
the research program has probably not been sufficient.
We recommend that the small review groups which over-
see the experimental and theoretical programs have
greater participation by outside scientists and engineers,
preferably those with no other connection to the nuclear
reactor community, but with strong backgrounds in basic
experimental and theoretical research. However, it is
important that all outside review be done in such a way
that it does not dilute the responsibility and accountabil-
ity of the principal investigator in a particular project.
And, as we have said repeatedly in preceding sections,
we strongly recommend that all experiments and theories
used to evaluate reactor safety be published in the open
literature and where possible in refereed journals.

J. Overall evaluation of the light-water reactor
safety program

In the preceding sections we have presented a detailed
review of the present safety research program, mainly
that of the AEC Division of Beactor Safety R esearch
(RSR), which is intended to provide an improved founda-
tion on which to base evaluations and regulatory opera-
tions. In this section we summarize our view of the safe-
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ty research program as a whole and address the ques-
tions of its overall quality, timeliness, integration, and
resource balance.

Since its formulation in rnid-1973, RSR has clearly
made major strides in the formulation-of acoherentLWB
safety research program. In the experimental program,
growing emphasis is being given to the study of separate
effects intended to get an engineering understanding of
the response of system components over wide ranges of
conditions with applicability to both BWBs and PWBs.
We strongly endorse this initiative. In carrying out the
program, BSR is trying to involve scientists and engi-
neers at universities and national laboratories much
more broadly than in the past; again we endorse this
trend and think that safety research can benefit from even
more such involvement.

The quality of the separate effects tests seems reason-
ably high, although their scale and scope have been lim-
ited to date. Much more can and should be done (see Sec.
VI.D), especially on heat transfer behavior, two-phase
flow, perhaps even core blockage, as well as on phenom-
ena that strongly influence ref lood time and rate. We
believe that it is essential to push separate effects tests
on a broader basis at large scale to establish the upper
range of our engineering knowledge. This calls for pa-
rameter ranges and sizes that are much closer to those
typical of operating, as well as abnormal, reactor con-
ditions. With regard to tests of nuclear fuel behavior,
we are concerned about the slow progress in the Power
Burst Facility (PBF) program and recommend a major
push to make it successful, in order to get the necessary
large-scale fuel data in the near future.

In trying to launch LOFT as its principal intergral sys-
tems test of LOCA behavior of ECCS concepts, RSR
hopesto lay to rest much of the uncertainty that remains
concerning PWR ECC effectiveness. Of course, LOFT
at 55 MWt differs in detail as well as scale from a typ-
ical 3300 MWt PWB. (See Sec. VI.F for detailed consid-
erations. ) Our overall assessment is that LOFT cannot
be regarded as a proof test of PWR ECCS behavior. In-
stead, LOFT represents a very important test bed to ex-
amine the behavior of the individual and coupled compon-
ents during a range of LOCA conditions, as well as to
examine our ability to calculate LOCA behavior with ad-
vanced codes. LOFT can be equally important, in our
view, as a test bed to study the feasibility of possible
alternate ECCS schemes for PWRs and to compare their
effectiveness. However, as pointed out, the LQFT in-
strumentation needs to be upgraded in numbers, range,
redundancy, and quality if we are to learn what we should
from this important test series.

BSR hopes that advanced computer codes, now under
development, will be able to predict the response of
LOFT in some detail and that the LQFT series will thus
"verify" the codes for PWBs. If advanced codes do, in
fact, accurately predict LOFT behavior without excess-
ive use of adjustable parameters, perhaps with the help
of doubl'e-blind procedures to insure more independence
of code calculations and experimental results, then one
may achieve a better understanding of the extent to which
"conservative" codes, developed for regulatory evalua-
tion, are genuinely conservative in a well understood

quantitative sense. Yet two very sobering aspects of
our assessment must be emphasized.

First, one must face the fact that important results of
the separate effects tests and of the LOFT series are
years away. Moreover, the new series of advanced
computer codes are only being started and will them-
selves require a period of years for maturation. We es-
timate that the cycle to accomplish a reasonably self-
consistent comparison between data and codes (namely,
to obtain solid experimental results, develop the ad-
vanced codes, make detailed comparisons, repeat selec-
ted experiments, and/or alter codes in light of discrep-
ancies) will require a minimum of several years, per-
haps five to eight at the presently planned level of pro-
gram resources, before the scientific and engineering
community can reach consensus on its quantitative ac-
curacy. More resources could probably shorten the pe-
riod somewhat, especially in the more important sepa-
rate effects testy previously mentioned, in more man-
power and computer time to push code development, and
in maintaining a flexible and responsive LOFT schedule.
Nevertheless, a careful, convincing comparison will re-
quire time.

Secondly, having carried out this task, we will be in
the position of making experiment/code comparisons
only on integral system effects at a scale well below that
typical of operational LWRs. For the PWB case, one
may have more confidence if ECCS behavior goes as ex-
pected in LOFT, especially if the cycle of separate ef-
fects test/system test/computer code maturation is suc-
cessful on a LOFT scale. Yet the scaling involves phe-
nomena that are nonlinear and complex, and it is likely
to involve engineering approximations that will be diffi-
cult to understand completely. Scaling compromises in
LOFT, which have an influence that is hard to evaluate,
may introduce additional uncertainty vis-a-vis full-scale
PWB behavior. For the BWR case, the ECCS is thought
to function with more certainty because of simpler pri-
mary system organization and absence of steam binding
limitations. However, there is no BWH system-level
experiment at the LOFT size, much less at full scale.
Thus the case for BWRs rests almost completely on the
degree of calculational ability, albeit for a somewhat
simpler calculation, using the same general class of
codes whose limitations we treated at length. (See Sec.
VI.I.) Of course, matters can be improved for both
PWRs and BWRs by study of important phenomena
through large-scale separate effects tests; but three-di-
mensional effects, large nonlinear oscillations, major
core blockage, and cross flow effects and the like are
very difficult to address in that way.

Given the results from planned separate effects tests,
LOFT data, and the advanced codes as now envisaged,
our group is very skeptical about the extent to whiqh one
can expect to scale quantitatively our understanding of
PWR LOCA and the transient system behavior to full
size and conditions. We have similar, perhaps less
firm, reservations about the BWR case. It is true that
we are applying very high standards; however, we be-
lieve that the situation warrants such standards.

Thus, we conclude that the research program is at a
critical juncture. We believe that the following avenues,
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which are not mutually exclusive, are possible for this
program.

Opiton A: Limit scope to the present program

This option implies somewhat expanded and larger-
scale separate effects tests, PBF experiments, and
LOFT series plus development of advanced codes, a sit-
uation that has been thoroughly discussed in our report.
It is impossible to tell at present whether or not scaling
by such a large factor (e.g. , from LOFT to large PWRs)
mill prove sufficiently conclusive to provide a complete
quantitative evaluation of the margin of conservatism in
LWBs.

Within this alternative, the only substitute would be
field experience which would have to be gained over an
extensive time period with mell-instrumented LWBs. The
overall experience to date has been very encouraging
with nuclear reactors of the LWB type. There have been
no accidents with large consequences, and we note very
intensive efforts in the AEC and in the nuclear industry
to emphasize good engineering and sound procedures to
maintain this record. However, a risk is hidden in the
uncertainty of scaling our understanding of the present
ECC concept and transient behavior. It is conceivable
that one may lack convincing evidence of quantitative
understanding at full scale to settle an issue to the satis-
faction of the technical public, in the event that an inci-
dent of large possible consequences occurs during opera-
tion of the increasing number of LWR plants. Such a sit-
uation would be a very serious matter for the power in-
dustry and the public, since it might be difficult to refute
strong pressures to operate plants at less than full rat-
ing. The U. S. power capacity could be placed in jeop-
ardy by lack of def initive and demonstrable under standing.

Opiton 8:Augment the research program by pushing the
investigation and development of alternative concepts to
cope with L QCAs and wi th other transients of concern

This means emphasis on concepts that are analyzable
and scalagle, or that can be shown conclusively to over-
whelm the problems. We believe that there are very
real possibilities here, especially for PWRs, suggested
by members of the nuclear reactor community. These
concepts mhich center on injection of fluid directly into
the lower and/or upper plenum have not yet received a
critical test. Testing such concepts is ao important. pari
of the LOFT series since they have features which may
get around the technical uncertainties inherent in the
present ECCS approaches.

It is not clear what such an approach, if successful
technically, would do to reactor costs. In the short run,
there might be pressure for retrof itting existing reactors
and those under construction. In the long run, the stabil-
ity to the nuclear industry, brought about by a convinc-
ing ECCS concept, m'ould surely pay off. It is quite pos-
sible that costs associated with "analyzability as a de-
sign criterion" would be sufficiently offset by lower com-
puting costs, faster licensing, more confidence in mar-
gin of safety, and the like.

It is likely that serious pursuit of alternate ECCS con-
cepts would require additional resources for the RSB re-

search program, but the costs would be amply justified
if a successful new concept emerged. However, opti-
mism here must be tempered with the realization that
alternative concepts for ECCS have yet to be proven.
This course of action requires a number of years for
evaluation and has no guarantee of success. Therefore,
Option B entails some of the risks associated with Option
A.

Option C: Augment the present program by largerinte-
gral system tests combined with a move toward some
standardiza/ ton of LN/R designs

The main thrust of this approach is to obviate basing
the case so heavily on the scaling question. In its sim-
plified form, one designs a sufficiently large integral
system test program so that scaling is not in doubt. In
reality, such larger-scale integral test results must be
combined with results from separate effects tests and
utilized with advanced codes in order that the integral
tests have broad applicability. To have a convincing ap-
plication of what is learned and, at the same time, a
reasonable measure of control over design changes,
some standardization of reactor designs would likely be
necessary. By this we do not mean a single frozen re-
actor design, but rather a limited number of verified
designs. New features would be introduced only after
they were studied with advanced codes backed up where
necessary with the large-scale tests.

This is a conservative approach similar in spirit to
that pursued in aircraft system or weapon system pro-
grams. In the case of aircraft systems, for example, a
design is based on careful calculation and scaled experi-
mental studies. A full-scale system based on this design
is then constructed and subjected to fairly exhaustive
testing, which usually results in design changes. The
process is iterated until a satisfactory first production
series is undertaken, all members of which are basically
alike. Test and evaluation continues with the result that
modified production series of the aircraft which incor-
porate design improvements appear from time to time.
One must not push the aircraft analogy too far, but it
does have a number of instructive features: the prob-
lems of fully calculating and scaling the behavior of high-
performance designs, the need to encourage and at the
same time control design innovations, and the problem
of ensuring adequate public safety.

What is especially pertinent here is the question of de-
sign maturation through large-scale testing (full-scale
in the case of aircraft). For the LWR situation, there
are surely non-nuclear as well as nuclear experiments
which could be utilized at scales much closer to full
scale than LOFT, and which can contribute to a more
solid understanding of the safety of LWB technology.

As commented above, a likely price for this option is
acceptance of some standardization of systems. Stan-
dardization itself raises many issues, some feLicitous
and some troublesome. It would certainly have benefits
in terms of less complex quality assurance, more reli-
able maintenance, more effective inspection, better
operator training, perhaps even lower overall costs. It
mould no doubt lead to more efficient and expeditious li-
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censing, as well as a better experience base that could
make possible more conf ident and efficient operation
within the margin of safety, with many benefits to power
utilities. Of course, standardization has its possible
penalties. Over standardization could leave the program
susceptible to an Achilles heel in the technology. Stan-
dardization may also slow the pace of change and inno-
vation; if the bureaucratic procedures became too rigid,
it could smother good ideas before they have a chance to
be heard. Again, the aircraft industry provides an in-
structive example of how design improvements can be
encouraged and at the same time controlled through a
series of standardized production models. In any case,
we are convinced that the spirit of innovation does not
have to be stifled by the requirement that thorough large-
scale testing be used to test ideas before putting them
into widespread practice. .

Option O: Augment the research program by placing
addi ti onal emphasis on better contai nment, consequence
mitigation, and acc!dent recovery

In addition to research intended to provide an under-
standing of LOCA behavior and ECCS effectiveness, we
believe that considerable initiative should be.directed
toward better methods for containment, consequence
mitigation, and accident recovery. On the side of im-
provement in containment, Sec. VI.Q and VI.H pointed to
a number of topics well deserving of attention. Among
the more important of these are better methods to re-
duce pressure and remove heat inside the containment,
and improved radioactive particle scrubbing technology.
"Core catcher" concepts appear worth re-examination.
Also, the concept of controlled filtered release (soft fail-
ure) seems not to have received serious consideration as
a means of mitigating consequences of containment over-
pressure during an accident. We believe that it is im-
portant to put additional emphasis on careful investiga-
tion of such improvements, with judicious use of engi-
neering hardware-level experiments. In addition, as
discussed in Sec. VI.G and VI.H, we are disturbed by the
lack of understanding of mechanisms of steam explosions.
Experiments should be conducted to clarify this problem.
Underground siting has been talked about (pro and con) a.

great deal, but we are not aware of a comprehensive
study. Several of these topics are also very pertinent to
the sabotage problem. Finally, phenomena important in
radiological consequences and ground decontamination
are among the least understood of all those pertinent to
reactor safety. Much more needstobelearned(seeSec.
VI.H), so that possible steps for better accident conse-
quence mitigation and recovery can be analyzed.

To make progress in any of these areas in the present
situation requires stimulation and coordination by a sin-
gle responsible agency, clearly the AEC. However, we
find that very limited AEC resources are directed to this
end (see Sec. VI.B) and that the present system of incen-
tives does not seem to stimulate much effort in the in-

I

dustry. We believe that an augmented research program
in these areas is likely to be quite fruitful and is surely
prudent.

Option E: Complement the present program through
emphasis on remote and other conservat! ve types of
siitng

Remote siting is often bandied about without much anal-
ysis as an "obvious" solution to all of our problems with
power reactors. It is frequently countered, again often
without much analysis, as impractical because of the
costs of long-distance power transmission. We have not
examined this type of alternative in any detail, but must
report that we could not locate a comprehensive study of
its pros and cons. The payoff in terms of increased pub-
lic safety is not as simple as might be supposed. As we
have observed in Sec. V, immediate deaths from high
doses in the unlikely event of a large, uncontained acci-
dent are rather localized geographically. However,
much of the expected total death, illness, property dam-
age, and denial would come from total dose (man-rem)
effects which are likely to be long-term and spread out
over considerable distance (hundreds of miles). There-
fore, it is important to evaluate the real safety advan-
tage from more remote locations.

The economic analysis is also complicated by the need
to take into account land, reactor system, and power
transmission costs, along with relative costs of security
measures, waste heat removal (or utilization), ecolog-
ical impact, and the like. Safety, and possibly costs,
may be favorably affected by grouping reactors in nucle-
ar parks where mutual support among reactor auxiliary
systems becomes possible and collective security mea-
sures are feasible for better control of sabotage.

We strongly recommend that remote siting options re-
ceive serious, careful study from the cost/risk/benefit
point of view. We understand that an AEC-sponsored
study of nuclear parks is already underway and may pro-
vide some of the needed perspective.

Summary of options and resource allocation

Full evaluation of any combination of these or other
program alternatives really involves a cost/benefit/risk
analysis that is beyond the scope of anything we have
done. As far as we ha.ve seen, it is beyond anything the
AEC has done. What we can say is that (I) we are not
convinced by the available experimental data and code
calculations that a complete quantitative assessment of
LOCA and transient behavior can be made at present;
(2) we are skeptical that, given the results from the
presently planned experiments and the advanced codes,
the difficult scaling question can be unequivocally re-
solved. We view it as extremely important that means
be found to bring about a convincing resolution of these
issues.

Within the presently planned level of resources, the
AEC's current program gives evidence of a shift toward
limited investigation of parts of Option B (alternate
ECCS), Option D (containment), and Option E (siting).
If the budgets are to be restricted to this level, we would
advise more emphasis on engineering hardware-level
studies of Options B and D with funds diverted if nec-
essary from Option A (present program), even though
this would slow the main thrust of the present program
in investigation of the current ECCS behavior.
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TABLE XXXI. Projected costs using lowest forecast of LWR capacity presented by the AEC.

Installed LWR Cumulative capital costs, Annuai cost of generated electricity
Year capacity (MWe) (billions of $) (billions $ /yr. )

1975
1980
1985
1990

42 000
84 000

220 000
380 000

25
50

130
230

2.8
5.6

14.5
25.0

We believe that, in view of the urgency of the situation,
the Safety Research Program is underfunded to do the
job required of it. Assuming more resources are avail-
able, we recommend that Options B (alternate ECCS)
and D (containment) be fully implemented without slow-
ing down investigation of the current ECCS concept. Fur-
thermore, to provide an alternative to continuing depen-
dence on ECCS design for which unequivocal conserva-
tism may not be demonstrated, we recommend that im-
mediate steps be taken to implement detailed analysis
and planning for a large-scale integral system test pro-
gram, Option C. If at the end of several years' study of
alternative ECCS concepts, using LOFT tests and other
studies, evidence cannot be seen for imminent success,
the AEC will be in a better position to carry out the
large-scale integral test program and will better under-
stand its possible contribution.

To keep in perspective the costs of research and devel-
opment programs associated with these options, it is
helpful to estimate the present and prospective capital
and operating costs associated with the LWR commercial
electric power systems to which this research is rele-
vant. To get a rough idea of these costs, we assume
that the total (uninf lated) capital costs of LWR power
plants are $600/kWe, that the costs of electricity are
10 mills/kW hour. , and that the average load factor is
'75%. Using the lozoest forecast of installed LWR capac-
ity presented by the AEC (AEC, WASH-1139, 1974), the
resulting projected costs are presented in Table XXXI.

The total U. S. reactor safety program budget for
FY1975 is about $100 million, of which about half is
accounted for by the AEC/RSR program, and the remain-
der by EPRI and vendors (assuming about $10 million for
the latter). This corresponds to about 3.5%%up of the pres-
ent annual costs of electricity generated by LWR sys-
tems, and less than 1 /o of that projected for 1985. Un-
certainties in the capital and operating costs of nuclear
power within the next decade are far greater than these
precentages. It is clear that from an overall national
standpoint substantial increases in the LWR safety re-
search program budget in the next few years would not
significantly increase total nuclear power costs.

Completely omitted from the above discussion is any
reference to safety research on advanced types of nucle-
ar systems. We have not conducted an extensive study
of the safety problems of these systems, in view of the
prior need for an extensive look at the LWR problems.
However, we believe that it would be most unfortunate
if these systems failed to receive sufficient attention in
the near future to identify and understand early possible
safety problems. The design and development of these
advanced systems would certainly benefit, and the AEC

could obtain more reliable cost/risk estimates for them.
We believe it is particularly important to continue to

push the experiments and advanced codes with the help
of the best qualified scientific personnel in the country.
Managing such an enterprise is no easy task. RSR has
made laudable str ides toward a program more open to
scrutiny and to ideas, for example, by instituting review
groups for RSR programs. More conscientious effort
and interest within such organizations as the American
Physical Society could be stimulated and utilized in in
open program to good advantage. Specific means should
be sought to bring this about.

K. Organization and management of reactor safety re-
search

Recent legislation which replaces the AEC by the Nu-
clear Regulatory Commission (NRC) and Energy Re-
search and Development Administration (ERDA) sharpens
the questions of the proper locus for reactor safety re-
search and conditions for its successful management.

The obligations of the NRC can be listed briefly:

(1) Apply present regulatory system.

review application and issue licenses
e apply acceptance criteria and inspect construction

of new reactor installations
~ conduct inspection, audit, and review of licensed

reactor operations
~ evaluate and respond to incidents, etc.

(2) Develop improved regulatory systems.

e take less time in the regulatory process for cer-
tain reactor designs

e modify its internal operation so that the NRC func-
tions are not manpower limited

~ work out new and better criteria for present design
reactors (which could both increase assurance and re-
duce the necessity for de-rating reactors out of ignor-
ance)

develop criteria for new reactor designs
evaluate possible alternative fuel and waste safe-

guarding requirements and procedures, etc.

(3) Serve both as an informed critic and customer of
ERDA.

The above sketch recognizesthe importance of the NRC
and the high cost to our society of excessive delay and
of unnecessarily stringent regulation on the one hand and
of too loose regulation on the other. It recognizes also
that reactors, reactor licensing criteria, inspection
methods, and reactor siting opportunities are still evolv-
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ing and, further, that the NBC will have to develop
quickly to be able to perform its role not only now and
over the next few years but in the decades to come.

ERDA also has an important role to play with respect
to the saf ety of nuclear r eactor s:

(I) Analyze alternative designs and safety questions
relevant to new types of reactors it is considering for
development.

(2) Explore new opportunities for reactor testing and
for designs, including development of new computer
codes, both for its own work and to provide NRC with
improved capability for more realistic evaluation.

(3) Perform some of NRC's research, as well a.s tech-
nical development of inspection measures and computer
codes, provided NRC decides to spend much of its re-
actor-safety-related funds with ERDA.

(4) See opportunities for improvement in performance
and safety of existing reactors in view of its knowledge
of existing reactors.

(5) Identify aspects of NRC's operation that need
strengthening or changing as a result of ERDA's involve-
ment in satisfying NRC's technical needs.

(6) Provide a perspective on alternatives to nuclear
power which may be of broad utility in decisions of the
power industry.

At one extreme, if all reactor safety research were
lodged in ERDA, NRC might evolve into an automaton
which, although initially effective, would be unable to
improve its capabilities or to meet new opportunities and
challenges as they arose. At the other extreme, if NRC
had all the reactor safety responsibility, ERDA would be
unable to guide responsibly its own investigations of fu-
ture alternative reactor systems.

At the time of writing our report, the division of re-
sponsibility for reactor safety research between the two
organizations is not yet clear. We offer the following
observations based on our study. Considering the needs
and the hazards, it seems preferable that most of the
reactor safety research should be lodged with NBC, with
sufficient money for staff, for development of codes and
tests, for new techniques of inspection, for improv-
ing efficiency of operation, and for the occasional per-
formance of a necessarily costly large-scale test to con-
front realistically the predictions of the analytical/com-

puter techniques. To do its job, the NBC will also have
to have a better idea of both the probability and the con-
sequences of accidents involving reactors of both pres-
ent and future design. It would also be natural and bene-
ficial for NRC to spend a substantial portion of its re-
actor safety funds in the laboratories of ERDA. It is a
matter for organizational invention in setting up this ar-
rangement to see to it that NBC does much of its re-
search and development in this way.

A division of responsibility that would honor these
needs would be to assign to NRC primary safety research
responsibility for those types of reactor moving into
large-scale production (in the present case LWRs) and
to EBDA primary safety research responsibility for
those systems still in development, albeit in a different
organization within EBDA than that actually carrying out
the development, to avoid direct conflict of interest.
Each should retain a secondary responsibility in areas
of the other's primary responsibility in order that each
be able to provide the necessary critique of the other' s
operations as well as to accommodate an orderly shift
of responsibility when new types of systems develop and
move into production. The needs of the public for infor-
mation and independent evaluation could be served by re-
view boards which could conduct reviews of the opera-
tions of both organizations at regular intervals with ap-
propriate public documentation.

Regardless of how the matter is settled, it is impera-
tive that the open program, now instituted, be maintained.
If we are correct in our basic assessment of the com-
plex LWR behavior (namely, that the ultimate goal of
confident and unequivocal design evaluation must be
founded on a much stronger code development program
combined with a much improved experimental data base
than presently exists, especially in system level tests),
BSB has a difficult road ahead of it. NRC has an equally
difficult task of utilizing the results of continuing safety
research to adjust its licensing and inspection proce-
dures to fit the evolving level of understanding and con-
fidence. Issues of this sort are sure to arise with the
passage of each new type of reactor concept from devel-
opment into test, production, and operation. Only an
open program can generate public confidence and
fully utilize the many talents of the scientific and tech-
nical community in these tasks.
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APPENDIX I: THE LOSS-OF-COOLANT ACCIDENT

A. Generalized description of loss-of-coolant accident
for PWRs and BWRs

The events and processes of an LOCA are developed to illus-
trate the system behavior and phenomena which must be ac-
counted for by the calculational methods in order to prescribe
the design and performance requirements for ECC systems.

1. PWR-LOCA behavior

Figure 15 depicts the generalized LOCA behavior for a postu-
lated large break in one loop of a multiloop PWR, primary cool-
ant circuit. This characterization of the accident is derived
from many calculations carried out for different pipe break
locations for current PWR designs. The numbers on the figure
are indexed to the following description of the course of the
los s-of-coolant proces s.

Immediately following the pipe break, as the primary coolant
is expelled from the rupture, the system experiences a rapid
subcooled depressurization (1) causing the flow within the
reactor core to accelerate for an outlet break (2) or decelerate
for an inlet break (3). As the system depressurization contin-
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FIG. 15. Generalized loss-of-coolant behavior for large
pipe breaks in a PWR.

Reproduced, by permission of authors and American Nu-
clear Society, from Brockett, G. F., R. W. Griebe, R. W.
Shumway, and J. Q. Zane, "Loss of Coolant: Control of Con-
sequences by Emergency Core Cooling, " Proceedings of the
International Conference on Nuclear Solutions to World Energy
Problems, Joint ANS/AIF Conference, November 13-17,
1972, Washington, D.C.

This appendix consists of several loosely knit sections gen-
erally related to the Loss-of-Coolant Accident (LOCA). The
first two sections, I-A ("Generalized Description of Loss-of-
Coolant Accident for PWRs and BWRs") and I-B ("Loss-of-
Coolant Accident Without Effective Emergency Core Cooling" ),
have been reproduced wholly, or in part, from earlier defini-
tive studies on the subject. Section I-C ("Relationship of LOCA
Phenomena to the ECCS Acceptance Criteria" ) represents the
results of a detailed review of the AEC's criteria for the eval-
uation of ECCS performance conducted by members of the Study
Group during our Summer 1974 exercise at Los Alamos. This
section presents a brief qualitative evaluation of the more im-
portant portions of the ECCS Acceptance Criteria as they are
related to physical modeling of LOCA phenomena.

ues (4) the local fluid saturation pressure is reached and fluid
flashing, with an attendant fluid density decrease, occurs in the
core as steam bubble growth is initiated. Within the core re-
gion the decreasing fluid density (moderator loss) causes the
core power generation to decline within a few hundred milli-
seconds to the fission product decay heat power level (approxi-
mately 6% of the operating power).

For the inlet break conditions the reduced core flow commen-
surate with coolant voiding in the core can cause a large abrupt
decrease in heat transfer from the fuel to the coolant and ini-
tiate the critical heat flux (CHF), or departure from nucleate
boiling (DNB) (5). For the outlet break condition the core flow
increase (2) tends to offset the density decrease and high heat
transfer is preserved for an extended period until the local fluid
conditions within the core are degraded sufficiently that CHF
(6) ultimately is reached. For either break, the abrupt de-
crease in heat transfer (5) (6) allows the large amount of stored
energy within the fuel to redistribute with a resultant rapid in-
crease in fuel cladding temperatures (7) (8) .

For the inlet break condition, at several seconds into the de-
pressurization process the core mass flow rate (9) is signifi-
cantly reduced because of nearly balanced fluid resistance
paths to the break. For the outlet break condition, the fluid
resistance to the break from the core region is markedly lower
and results in a continued significant upward core flow (10).
These differences in the core flow histories (9) (10) respective-
ly influence the cladding temperature histories for the inlet and
outlet break conditions.

As the stored thermal energy within the fuel becomes redis-
tributed the cladding temperature rise may terminate or the
temperature may decline slightly (11) (12) as the competitive
effects of continued fission product decay heating and some
limited amount of heat transfer exist for a few seconds. As the
coolant conditions within the core continue to deteriorate the
cladding temperature rises (13) (14) commensurate with adia-
batic conditions dictated by the local fission product decay heat
rate.

When the cladding temperature exceeds —1200 F for either
break condition, structural distortion, such as ballooning of
the cladding, may develop. Ballooning is postulated to result
from a combination of the decreased strength of the cladding
(as the temperature increases) and the increasing differential
pressure between the internal fuel rod pressure and the de-
creasing external system pressure.

As the coolant is expelled into the containment structure sur-
rounding the reactor, the primary system continues to depres-
surize with an accompanying decrease of liquid level within the
reactor vessel (15). When the system pressure decreases be-
low the gas dome pressure within the ECC accumulators (or
core flooding tanks), relatively cold auxiliary coolant is in-
jected into the appropriate inlet piping (or upper core barrel
region) in an attempt to replenish the liquid inventory in the
bottom plenum of the reactor vessel.

For an outlet break condition, soon after accumulator injec-
tion begins, the liquid inventory in the bottom plenum is re-
plenished to the bottom of the core (16). Core flooding is main-
tained by the low pressure coolant injection systems when the
accumulator inventory is spent.

For an inlet break, some backflow from the core and con-
tinued boiloff of the liquid in the lower plenum cause steam flow
up the downcomer which tends to inhibit the entry of auxiliary
coolant to the lower plenum. In addition, the steam flow in the
inlet pipes of the unbroken loops tends to entrain some of the
injected coolant and this entrained coolant is then carried
around the downcomer annulus to the break. These conditions
lead to the postulated "accumulator ECC bypass" situation. As
decompression continues and the system steam flow rates de-
crease, the influence of gravity overcomes the entrainment
forces and the lower plenum begins to fill (17).

As the lower plenum fills and coolant reaches the bottom of
the core, steam begins to be generated. The steam, entraining
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some liquid, rises in the core and cools the cladding. For the
inlet break, the steam must escape from the system by passing
through the steam generators and pumps in order to reach the
system vent, or pipe break. The steam, in passing through the
various system components and particularly the steam genera-
tor where additional energy is added from the secondary sys-
tem, is impeded by friction. The frictional pressure drop can
reach a value of several pounds per square inch causing a back-
pressure on the reflooding process which competes against the
head of water in the downcomer attempting to drive coolant
into the core. The downcomer head in most current reactor
designs can develop to a maximum head of 7.5 psi if the flood-
ing process is relatively steady-state. If oscillatory effects
occur as a result of the coupling between the inertance and the
force of gravity on the liquid in the downcomer and the coupling
between the inertance of the liquid in the downcomer and the
compliance of the compressible steam volume above the flood-
ing front, the average driving head could be less than the
steady-state driving head, thus lowering still further the time-
averaged flooding rate within the core. The oscillatory flooding
front could, however, provide heat transfer in the early part of
the flooding process.

The competing effects of the limited driving head for flooding
and the backpressure from the exiting steam give rise to the
postulated steam binding problem. The limited flooding rate
for the inlet break, resulting from steam binding, causes de-
creased heat transfer in the core relative to that which would
exist for higher flooding rates for an outlet break. Where these
competing effects are involved for the inlet break, additional
subtleties, such as the effects of containment backpressure on
entrainment and on heat transfer and such as the compressible-
flow acceleration-pressure drops due to energy being trans-
ferred from the secondary side of the steam generator to es-
caping steam from the primary system, become important.

The temperature that the fuel cladding can attain without loss

of structural integrity is determined, for zirconium-clad fuels,
by the amount of oxygen taken up by the cladding during metal-
water reactions which become significant at temperatures above
1800 F. At 1800 F the reaction rate is low but as the tempera-
ture increases to 2000 F and above, the reaction rate increases
rapidly. At 2300 F, for example, the oxygen uptake is such
that reaction durations exceeding several tens of seconds cause
sufficient embrittlement that upon quenching of the fuel cladding
by ECC, the structural integrity of the cladding is insufficient
to assure a definable heat transfer geometry within the hotter
regions of the core.

The foregoing, intended to depict the general system behavior
during an LOCA for a PWR, has emphasized the DBA conditions
which are expected to establish the ultimate requirements for
ECC system design. The magnitude of the calculated effect of
break size and location on the DBA is shown in Fig. 16. The
calculations for developing the figure include those by the reac-
tor manufacturers and those performed independently by Aero-
jet Nuclear Company in conjunction with the design and program
planning for the Loss-of-Fluid Test (LOFT). Apparent from the
figure is the dominant influence of the large inlet break in de-
termining the requirements of ECC designs for PWRs. How-
ever, the very largest break should not be concluded to be the
most demanding on ECC design for all PWRs.

2. BW R- LOCA behavior

Figure 17 depicts the generalized loss-of-coolant accident be-
havior for a postulated break in either the liquid recirculation
lines or the steam outlet lines of a contemporary boiling water
reactor system. The numbers on the figures are indexed to the
following description of the course of the loss-of-coolant pro-
cess.

Immediately following a steam line or recirculation line break
of a BWR the system experiences a very limited subcooled de-
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FIG. 17. Generalized loss-of-coolant behavior for large

pipe breaks in a BWR.

pressurization because a significant amount of the fluid in the
system during operation is at saturation conditions, with the
remainder being slightly subcooled. The loss of one recircu-
lating loop causes the core mass flow to drop rapidly to about
one-half the initial value (1) as the other systems continue to
provide coolant supply to the lower plenum, si.nee a large vol-
ume of the vessel contains steam, at the outset, the depres-
surization process is relatively slow (2), and at several sec-
onds into the transient, the steam isolation valves in the outlet
line close requiring that all system coolant exit from the pipe
break region. Since the contemporary version of the BWR in-
corporates the internal jet pump design, all pipe breaks, in-
cluding recirculation and steam line breaks, in general, pro-
duce the effect of an outlet break in a PWR; that is, the de-
pressurizing coolant flows in the normal upward direction
through the core as illustrated in the figure.

At the approximate time the liquid level within the reactor
drops to an elevation at which the jet pumps become uncovered,
the mechanical pumps in the recirculation line are coasting
down and shortly cavitate dropping the core mass flow to near-
ly zero. These conditions promote coolant starvation within the
reactor core and initiate CHF in the hotter regions of the core
(3). As the liquid level in the outer annulus around the core
barrel drops to the elevation of the recirculation line outlet,
the flow out the break becomes steam and the depressurization
rate is increased (4). Simultaneously, the saturation pressure
of fluid in the lower plenum of the reactor vessel is reached
and a process called lower plenum flashing is initiated (5) .
During this process the fluid tends to flash violently and surges
into the core region. The potential for significant cooling exists
such that the cladding temperature rise may be terminated (6)
and the cladding temperature may be restored to the fluid sat-
uration temperature. As the coolant inventory in the lower
plenum is spent from flashing, the system pressure continues
to decline and the cladding temperature again rises in the hotter
zones of the'core and experiences DNB a second time (7). The
cladding temperature rises rapidly until the energy redistribu-
tion within the fuel pin is complete at which time decay heat
limits the rate of the temperature rise (8) ~ Shown in the figure
for completeness is the continued temperature rise from the
early event of CHF (3) on through to the temperature limit (9')
assuming no cooling due to lower plenum flashing. As the sys-
tem pressure continues to drop, a high pressure spray system
above the reactor is initiated and top spray flow is developed
at about 260 psia. The spray tends to wet the fuel canister
walls providing a radiation sink for heat removal from the fuel
pins. The resulting steam from canister wetting also provides
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FIG. 18. Generalized comparison of maximum cladding tem-
perature for various pipe break conditions in a BWR (from
General Electric Co. , 1970).

some convective heat removal from the cladding surface. This
cooling process tends to slow the heatup rate until the lower
reactor vessel plenum is filled by the accumulated spray and
I PCI system coolant inventories and a core ref looding process
similar to that for the PWR is initiated.

For the lower cladding temperature history (8), the cladding
temperature turnaround (9) results from the initiation of flood-
ing at the bottom of the core. For the upper cladding tempera-
ture history (8'), the effects of metal-water reaction energy
are seen to cause a significantly increased rate of temperature
rise prior to the event of flooding (9').

For the steam line break, the various events are depicted by
dashed lines in Fig. 17. The pressure is seen to decrease con-
siderably more rapidly (10) than for the recirculation line
break. Since steam venting is taking place at a higher region
of the reactor vessel the liquid fraction in the system remains
high and all recirculation line systems continue to operate.
Significant core flow is thus seen to continue (11); however,
the flow eventually decreases as the pressure decay causes the
recirculating mechanical pumps to cavitate. The flashing pro-
cess continues to provide reasonable core flow and at least suf-
ficient steam cooling to the core. The attendant cladding tem-
perature indicates that nearly all the stored energy within the
fuel is removed until, at the worst case, the coolant conditions
can no longer support the heat transfer required to keep the
cladding temperatures near the coolant saturation temperature
(12). At this point the cladding temperature begins to rise as
a result of the small amount of remaining stored energy and
decay heat energy. Up to this time most of the fluid lost from
the system as a result of a steam line break has been steam
and some two-phase mixture; that fraction of liquid having in-
sufficient enthalpy to flash remains in the lower plenum. The
additional inventory necessary to fill the lower plenum to the
bottom of the core and effect early turnover of the cladding
temperature rise (13) is, therefore, considerably less than for
the recirculation line break. The general behavior of the fuel
cladding, effect of metal-water reaction, and embrittlement
are sufficiently similar to those of a PWR that additional dis-
cussion is unwarranted.

Unlike the process for the PWR, the effect of steam binding
does not appear to inhibit the rate of flooding because the steam
need pass only through relatively small frictional pressure
drop paths on its way to the break.

Figure 18 presents the calculated peak cladding temperature
as a function of break area for steam line and recirculation
line breaks for two separate single failure conditions in a con-
temporary BWR (General Electric Co. , 1970). One case con-
siders failure of the HPCS; the other considers faQure of a
diesel generator. These graphs are considered representative
of a single-failure criterion approach to maximum cladding
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temperature and should not be considered to be restrictive in
defining the capability of a system or combination of systems.
As would be expected, a general trend toward higher peak
cladding temperatures occurs as break areas increase. For
the smallest breaks, no core heatup occurs. The exact shapes
and magnitudes of the temperature curves for this type of
representation depend to a large extent on such factors as the
analytical techniques used in the calculations, assumptions on
heat transfer correlations, and the particular single failure
condition considered.

B. Loss-of-coolant-accident without effective
emergency core cooling

A probable sequence of events describing the core history
during such a large I OCA without effective emergency core
cooling can be divided into seven periods (adapted from AEC/
ECCS, 1967).

Peri od 1: 8lowdown

Following the double-ended rupture of a large primary sys-
tem pipe, there is a violent blowdown during which most of the
water originally in the reactor pressure vessel is expelled in-
to the containment. Three features of the blowdown influence
subsequent core behavior. These are the blowdown forces,
fuel element cooling during blowdown, and the rate of escape
and the quantity of water remaining in the reactor pressure
vessel after blowdown. Current estimates are that the blow-
down forces will not seriously disrupt the core, that the fuel
element cooling during blowdown could result in removal of
about one —half of the stored energy in the fuel rods, and that
about 10% of the water originally in the reactor vessel would
remain after blowdown. At the completion of blowdown, which
takes at least 5 to 10 seconds, for the largest breaks, core
temperatures may range from about 600 F(320 C) to about
1500 F(820 C) at the hottest portion of the core. However,
these estimates are fairly uncertain as we shall discuss below.

Period 2: Core heatup —decay heating only

Core temperatures begin to rise after blowdown, because of
decay heat, at rates of approximately 20 F/sec (11 C/sec) for
PWRs and 12 F/sec (6.7 C/sec) for BWRs at the hottest portion
of the core. If they start from 1500 F (920 C), local core re-
gions could reach temperatures greater than 2000 F (1100 C)
within 30 to 50 seconds. Then the zircaloy —steam reaction be-
gins to become a significant energy source. It is therefore im-
portant that the ECCS begin cooling the core before this criti-
cal juncture.

Period 3:Core heatup —decay heating plus chemical
heating

As portions of the core reach temperatures greater than
2000 F (1100 C), the zircaloy —steam reaction begins to be-
come significant. The rate of reaction initially incr eases para-
bolically with time. As cladding temperature increases, the re-
action rate becomes dependent upon the availability of steam.

The time required to reach the melting point of the cladding,
3360 F (1850' C), at the hottest portion of the reactor in the
absence of effective cooling, could be on the order of one min-
ute. The beginning of localized clad melting may not mark the
effective beginning of core collapse. Fuel rods may require
temperatures greater than 3360 F (1850 C) before any clad
dripping or fuel rod slumping can occur,

Period 4: Core collapse and collection as a "Heap "i n
the reactor vessel wi thout effec/tve emergency core
cooling

The time from the pipe rupture to the collection of the core
as a "heap" in the reactor vessel is very dependent upon the
model chosen for core meltdown and the core structural grid
plate failure. Core meltdown models range from melting and
immediate dripping of zircaloy from the core directly into the
bottom of the pressure vessel, to total holdup of a nearly fully
molten core until such time as grid plate weakening or melting
is achieved. The former model results in the gradual collec-
tion of the core in the lower pressure vessel head, while the
latter model results in sudden dumping of a major portion of
the core in a molten state into the lower pressure vessel head.

A time range from 10 minutes to 60 minutes from pipe break
to collection of heap appears to cover the uncertainties. The
lower limit, 10 minutes, derives from a heat accumulation con-
sideration. With extensive metal —water reaction (50% of clad-
ding) and the accumulated decay heat, there is probably enough
energy to bring the entire core on the average to the melting
point of U02.

The actual process of a core collapse and collection in the
bottom of the reactor vessel is likely to be a very complicated
matter, involving: (i) the formation of eutectics, (ii) dripping,
molten flow, and refreezing, (iii) blockages of flow and steam
for chemical reaction, and (iv) many other effects.

Period 5:Pressure vessel melt-through

The nature of a melt-through of the pressure vessel head is
somewhat unknown. As noted in the above, it is not known
whether the fuel would dribble through the grid plate slowly as
the fuel melted, or if it would form a pool and melt through
suddenly in a delayed action.

From 50Vo to 80/o of the fuel might fall into the pressure ves-
sel bottom. However, this part of the fuel would include that
portion of the core having the greatest decay heating.

The first effect of the core material's falling into the vessel
bottom would be to evaporate rapidly any water in the vessel.
A rapid production of steam might affect the flow of core ma-
terial through the grid plate and might blow molten core ma-
terial up, through, and out of the pressure vessel.

Radioactive decay and possibly some further metal —water
reaction would result in continued heating of the fuel and pres-
sure vessel bottom.

The weight of core material of about 250 tons would cause
forces in the vessel of only a few percent of those due to nor-
mal operating pressure, hence the vessel bottom would not be
apt to fail until its melting point were approached.

A melt-through of the pressure vessel could be expected to
occur in from 20 to 60 minutes after core collapse (30 to 120
minutes after pipe rupture), if there is no extra cooling.

Period 6: Pressure vessel melt-through to colleciton
as a heat at bottom of containment

Pressure vessel melt-through might be expected in 30 to 120
minutes after the pipe rupture. It seems certain that melt-
through will be a catastrophic event, in that large quantities
of molten material will be discharged suddenly. Most of the
core, in addition to a melted portion of vessel bottom, would
come through very qtlickly. A major question concerns the in-
teraction of the molten stream with the water pool likely to be
at the bottom of the containment vessel.

The molten core material, in falling into a water pool, may
cause steam explosions. Our predictive ability of steam explo-
sions is very limited. About all that can be stated is that local-
ized explosions yielding local pressures of the order of 3000
psi (200 atm) might occur.

The direct damaging effects of localized explosions are prob-
ably rather minor because of the size and strength of the struc-
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tures in the lower regions of containment vessels. The most
serious effect of such explosions might be the tendency to scat-
ter molten core materials to high regions of the containment
wall where localized melt-through might occur.

Another serious effect of localized explosion is to promote
subdivision of the molten core material and increase the over-
all rate of the reaction of water with the metallic constituents
of the molten core material. The increased production of hy-
drogen is the serious feature which leads to containment failure
by gradual hydrogen overpressure in spite of the successful
operation of containment sprays or suppression pools.

Period 7: Behavior of molten core mass at the bottom
of the containment

On failure of the pressure vessel bottom, it is estimated that
as much as 45 to 75% of the core would fall into the contain-
ment vessel and that the self-heating of this material for a
total elapsed time of from 1 to 2 hours would be of the order of
0.5% to 0.6% of the reactor power or 15 to 18 Mw (50% of the
total decay heating) .

The core material, together with the molten vessel material,
grid plate, etc. , would weigh about 100 to 200 tons. The mol-
ten core material would displace any water into which it fell
and commence to heat the concrete and other Inaterials between
it and the containment vessel. The rapid boiling of any water
into which the molten core fell might scatter the molten core.
The nature of the molten core and its flow behavior are un-
known. Whether it would rapidly spread out into a thin layer
or remain more in a heap is uncertain.

The concrete would spall and disintegrate as it was heated
by the molten core. Since the molten fuel —steel mix is heavier
than the concrete ingredients, the concrete residue would ei-
ther mix with the core or float on the top.

Ordinary dried concrete has a density of about 145 to 155 lbs/
ft {specific gravity of 2.32 to 2.48) and contains about 2% by
weight of incorporated water, or about 20 lbs of water per 100
lbs of Portland cement used. Its thermal conductivity is about
1.2 to 2.0 Btu/hr ft F or 0.005 to 0.008 cal/sec cm C and its
specific heat is about 0.20 to 0.24 Btu/lb F or cal/g C. It
virtually disintegrates at about 932' F (500 C).

If there is an average thickness of 5 feet of concrete between
the pressure vesse1 and the bottom of the containment vessel,
the disintegration of from 40 to 400 tons of concrete might be
required for the molten fuel to reach the containment vessel.

It is estimated that the molten core might reach and pene-
trate the containment vessel in from a few hours to a few days
after pipe rupture.

If there is no water at the lower part of the containment, or
if the water is boiled away from that region and condensed else-
where, then the dry mass would be expected to vaporize into
higher areas of the containment at a very significant rate. Re-
condensation of vaporized fuel and fission products would occur
throughout the volume of the containment.

C. Relationship of LOCA phenomena to the ECCS
acceptance criteria

The critical LOCA phenomena are displayed in Table XXXII
in direct relationship to the corresponding elements of the
AEC's Acceptance Criteria (AC) (See Appendix III). The ma-
terial presented in Table XXXII is divided into phenomena oc-
curring during three time periods: Blowdown, Refill, and Be-
flood. The relative significance of each phenomenon has been
identified in the Table in a qualitative fashion {as being of first-
order importance, O(1); or O(2), second-order importance).
Qualitative evaluations of the conservatism of the elements of
the AC presented are also given in the Table along with brief
comments qualifying the estimates of conservatism. A supple-
Inental discussion of the material presented in the Table is giv-
en below.

1. Blowdown phenomena
The energy sources, most of which act over the entire LOCA

to a varying extent, are listed in the blowdown period. Those
sources which represent basic energy inputs to the problem, the
initial stored fuel energy (which depends upon the steady-state
operating conditions of the reactor immediately preceding the
accident), the fission heat (associated with shutdown reactivi-
ties and reactor kinetics}, the decay heat of the neptunium, plu-
tonium, and other heavier actinides, and the fission product de-
cay, are all required to be calculated in a relatively conserva-
tive fashion in the AC. In the case of the initial stored fuel en-
ergy, although the AC specification is aimed at maximizing es-
timates of this parameter, the data base supporting the time and
temperature dependence of the UO& conductivity and gap conduc-
tance is weak. Moreover, since the AC do not prescribe con-
servative estimates of the parameters influencing the initial
stored energy, the conservatisIn of this criterion in practice
may not be very substantial ~ In practice, application of the ini-
tial stored energy criterion might produce values only slightly
greater than "best estimates" of this aspect of the energy to be
dis sipated dur ing the LOCA.

In the case of the fission product decay, examination of the
best current litera, ture in this field I.e.g. , Shure (1972), and
Perry e«&. (1973)], as well as discussions with prominent
workers in the field, has led us to conclude that the AC pre-
scription of utilizing the proposed ANS standard for fission pro-
duct decay heat, ANS 5.1, plus an additional 20%, will produce
an estimate of decay heat which is conservatively high by about
one standard deviation from mean estimates. Whether this con-
servatism, associated with one of the most significant energy
sources, is adequate or not depends upon one's point of view-
and was a subject of some debate within the review group.
However, irrespective of the conservatism of the proposed ANS
5.1 standard, taken as an individual separate effect, it is prob-
able that the overall AC specifications for plant operating char-
acteristics are sufficiently conservative (cf. , footnote, Table
XXXIO, as initial conditions for the LOCA calculations to as-
sure that predictions for the net effect of these input energy
sources will also be conservative. Thus, taken as a whole, the
input energy sources appear to be generally conservatively pre-
scribed within the AC.

Other energy sources entering into the problem are a function
of the thermal history of the LOCA itself. Of these sources, the
reactor internals heat transfer and PWR primary-to-secondarff
heat transfer prescriptions appear to be adequately prescribed
within the AC. That is, following the AC prescription would
lead to energy estimates for these sources which are nearer
"Inost probable" or "best estimate" than particularly conserva-
tive values. However, it should be observed that the metal —wa-
ter reaction rate prescription, for the high-temperature reac-
tion of zirconium alloy cladding with steam, is very conserva-
tive with respect to energy release estimates. The AC require-
ment for use of the Baker —Just (B—J) equation for oxidation es-
tixnates can be shown to provide estimates which approach the
upper limits of empirical observations for oxidation in the met-
al —water reaction. (cf. Scatena, 1972)

As a general observation, the LOCA derived energy sources
are reasonably, or strongly, conservatively estimated. How-
ever, the AC have excluded from consideration a heat source of
potentially overwhelming importance to PWRs —ruptured steaIn
generator tubes. Based upon evidence of substantial tube cor-
rosion problems with frequent associated leakage in most
PWBs (Babcock @ Wilcox reactors seem to be exceptional cas-
es, with few or no corrosion problems), it was the consensus
of the group that steam generator tube failure during a severe
LOCA could occur frequently. Moreover, it appears that rup-
ture of a few tubes (on the order of one to ten) dumping second-
ary steam into the depressurized primary side of the reactor
system cou1d exacerbate steam binding problems and induce es-
sentially uncoolable conditions in the course of a LOCA, for
PWBs with ECCS of current design.
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TABLE XXXII. Critical LOCA phenomenological behavior and related ECCS criteria.

LOCA phenomena Related criteria (source)
Influence

coefficient
Criteria conservatism

and commentary

I. Blowdown per iod

A. Energy sources (input
Parameters
1. Initial stored fuel

energy (steady state-
before accident)

2. Fission heat (shutdown
reactivities and reactor
kinetics)

3. Decay of actinides (Np, Pu,
U-isotope decay)

4. Fission product decay

Appendix K-Sec. IA

(IA1) Use case of highest
stored energy considering: UO2
conductivity, gap conductance,
fuel densification, gases within
fuel rod, clad creep, etc.
(IA2)

Actinide decay he'at for fuel
cycle time yielding highest
calculated fuel temps (IA3)
ANS 5 1+20~o (IA4)

First order
o(1)

O(1)—BWR
O(2)—PWR
Second order
o(1)

o{1)

Strong (S)

Conservative by one
0. above mean

B. Energy sources (LOCA derived)
1. Reactor internals heat

transfer (piping, vessel
walls, nonfuel internal
hardware)

2. PWR primary-to-secondary
heat transfer (steam
generator/primary fluid)

3. Metal —water reactions
(rate of ener'gy release,
H& generation, clad
oxidation)

Heat transfer shall be
accounted for {IA6)

Shall be accounted for (IA7)

(IA5) Use B-J equation; no
steam limiting; if clad rupture,
consider inside clad surfaces
also

Second order
O(2)

Adequate (OK)

(OK—but steam
generator tube leaks
neglected)
S (B-J approaches
upper limit for
oxidation)

C. Structural behavior
1. Pipe whip

2. Core loads
3. Steam generator loads/

tube failures

Not treated (NT) (see 10 CFR
50-Appendix A)
NT
NT

o(2)

o(1)
o(1)

NT'

NT-(NC) '
NT-(NC)

D. Primary system coolant behavior
1. Break flow

a. Break characteristic
spectrum

b. Discharge model

2. Break location (determines
system flow stagnation points)

3. Frictional Ap (losses in pipes,
core, other components)

4. Conservation of momentum
equations in codes

5. Pump A p

6. ECC fluid. "bypass" of core

7. Core flow distribution
(Blockage and radial flow)

(IC1)
Double ended/longitudinal
splits —up to largest pipes.
Moody —after 2@ attained.
Vendor must demonstrate
highest temp. achieved.

050.46-10 CFR 50

(IC2) Use "realistic" friction
factors and 2P friction multi-
plibrs (permitted models
specified)
(IC3) Neglect of elements or
effects shall be justified.
(IC6) Pump model requirements
specified. 2' flow data
required.
(IC1) "End-of-bypass" definition.
Fluid injected before end-of-
bypass must be subtracted from
reactor vessel inventory.
(ICV-PWR's) Flow calcs. must
account for cross-flow induced
by fuel rod swelling blockage.

O(1)

O(2)

o(1)

o(1)

o(2)

o(1)

o(1)

O(1)

Metastable f1ow-
NT—(NC)

2. Homogeneous
flow —S

3. UVUT' —NT (~}
S

OK

OK

OK—but limited data
available

OK—but weak data
base for "end-of-
bypass" evaluation.

Weak (W) (depends
upon code adequacy)
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. TABLE XXXII. (Continued)

LOCA phenomena Related criteria (source)
Influence

coefficient
Criteria conservatism

and commentary

8. Lower plenum fluid entrain-
ment (basis for estimation
of fluid remaining in plenum
after blowdown)

9. Two-Q flow models (account
for relative velocity,
constitutive relationships
for liquid/vapor)

E. Core thermal behavior
1. Critical heat flux (CHF)/

departure from nucleate
boiling (DNB)

2. Post-CHF heat transfer.

3. Fuel rod behavior
a. Swelling and rupture of

clad (to be considered on
calcs of gap conductance,
clad oxidatiou/embrittle-
ment, and H2 generation).

b. Use of gap conductance
and other thermal parame-
ters in fuel and clad temp.

~cales ~

4. Influence of core geometry
changes —rod bowing, inter-
rod contact, etc.

F. Containment structure influence
1. Pressure buildup

2. ECC related equipment
survival (pumps, spray
washdown, etc.)

NT—but related to IC1

(IC4) 1. "Appropriate" steady-
state and transient CHF models
specified

2. After CHF no return to
nucleate boiling permitted
during blowdown.
(IC5) 1. Permissible models
specified (and restrictions)
2. Models used, to be
supported by data using
statistical correlations and
uncertainty analysis.
(Sec. IB)
Must not be underestimated-
show by "applicable" data

Time and temp. dependence of
parameters required

NT—but related to IC7

NT is blowdown

10CFR50-Appendix A

O(1)

O(1)

O(1)

O(1)

O(1)

O(2)

o(2)

NT-(NC)

1. S—Use of steady-
state models appears
conservative under
transient blowdown
conditions —but
substantiating data thin
2. S

l. S—but data base
weak.
2. OK

S—but data base weak

OK—but supporting
data weak

NT—(cons er vati ve
omission)

NT—conservatism of
omiss ion uncertain
OK

II. Ref ill period —(follow ing blowdown)
A. Energy sources (see blowdown period commentary)

1. Fission product decay
2. Decay of actinides
3. Initial stored fuel energy
4. Metal-water reaction
5. PWR primary-to-secondary

heat transfer

O(1) Treatment generally
conservative

ECC/primary system coolant behavior

l. Break flow discharge rate
(Transition from choked to
unchoked flow).

2. Lower plenum refill rate/
ECC penetration of downcomer

3. Steam/ECCS fluid interaction
(steam flow in unbroken loops
during ECC injection)

(ID3) No specific treatment.
"Acceptable" model required.

(ID3) "Acceptable" refill
model required.

(ID4) Zero steam flow in un-
broken pipes w/o experimental
evidence to- contrary.

O(2)

O(1)

W—No discussion of
break f)ow

OK

OK to 8=weak data
base
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TABLE XXXII. (Continued)

LOCA phenomena Related criteria (source)
Influence

coefficient
Criteria conservatism

and commentary

C. Core thermal behavior

1. Post-CHF heat transfer (IC5) See blowdown period
discus s ion

o(1)

2. Convection eddy cooling (PWR)
(Hot rods induce convection
eddies in steam-filled core).

OK neglect is con-
servative

III. Reflood Period (ECC Fluid reaches bottom of core)

A. Energy sources (see blowdown period commentary)

1. Fission product decay
2. Decay of actinides
3. Metal-water reactions
4. PWR-primary-to-secondary

heat transfer

O(1) Treatment generalIy
conservative

B. Structural behavior (cf refill period comments)

1. Thermal shocks
(a) Cladding brittle failure.
(Reflood is most likely period
for brittle failure through clad
quenching)

2. Oscillatory loads (As liquid level
attemps to rise above bottom of
flow skirt, pressure in core may
cause downcomer annulus to fill
before fluid penetrates core.
Manometerlike oscillations may
occur)

3. Core migration from massive
fuel failure/melting

1. Temp. limit —2200 F
2. 17% equiv. clad oxidation

limit

NT —System experimental
support is weak

Coolable core geometry
required (Cr iterion, No. 4)

o(1)

o(2)

o(1)

W—Combination may
permit clad to be in
partially ductile con-
dition

W—Brittle clad may
fail under loads

S—Criteria require
successful operation

C. ECC/primary system coolant behavior

1. Break flow discharge rate
(unchoked-steam dominated
flow)

2. Oscillatory flow {See discus-
sion under IIIB. Structural
Behavior)

3. Reflood Rate (PWR)

4 .. Dr oplet "carry-over"
through core (fluid flow
at core exit plane vs.
flow at inlet plane)

5. Steam binding PWR flow
restriction through steam
generators, pumps, etc.

(ID3) No specific treatment
"Acceptable" model required

NT

(ID3) Calculated by "accept-
able" model

{ID3)-PWR-FLECHT results
used to determine

o(2)

O(2)

O(1)

O(Z)

W—No specification of
break flow

NT —conservation of
omission uncertain

W—Supporting
evidence for model
questionable
S-neglects oscil.—
latory flow
contribution

a. Pump &P

b. Steam generator superheat

c. Steam generator tube leaks

(ID3) Locked impeller s, (un-
less free running gives higher
peak) temp.
(IA7) Must be accounted for

NT

O(1)

o(1)

o(1)

S—but pump data weak

OK

W—neglect may be
badly nonconser vati ve

6. Core flow distribution
(blockage and radial flow)

(ID5) Evaluated only for re-
flood rates &1 in. /sec.

W—Inadequate data
base
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TABLE XXXII. (Continued)

LOCA phenomena Belated criteria (source)
Influence

coeff icient
Cr jteria conservatism

and commentary

D. Core thermal behavior

1. PWR ref lood heat transfer

a. Oscillatory flow (PWR)

(ID5-PWR) Based upon
FLECHT results
(ID5 and commission
opinion)
(Oscillatory flow benefits
dis al1owed)

O(&)

O{2)

OK

S—Inclusion might
improve heat transfer

b. PWR low ref lood rate
restrictions

c. Containment pressure
influence

2. BWR core spray/ref lood heat
transfer

3. Core migration and pressure
ves sel melt-through

(ID5) Bates &1 in. /sec, heat
transfer by steam only, flow
blockage accounted for

(ID2) Lowest calculable pres-
sure to be used for evaluation
of heat transfer coefficients
(PWR only)

(ID6, 7) Based upon FLECHT
results

Coolable geometry required
(Criterion No. 4)

O(X}

O(2)

O(&)

O{1)

OK—but data base
weak

S—but data base is
weak. (Increased
pressure improves
heat transfer. )

OK

NT —Criteria requires
successful ECCS
operation

Energy input terms must assume: continuous reactor operation at 1.02 times licensed power level; max peaking factor allowed by
tech. specs. Range of power distribution shapes and peaking factors which could occur over core lifetime must be investigated and
the one used must result in "most severe calculated consequences" for spectrum of pipe breaks and single failures analyzed.

Numbers in parentheses, e.g. (IAl) refer to specific numbered sections of the Acceptance Criteria.
Not treated in AC, (NT); Nonconservative omission, (NC); Unequal Velocities, Unequal Temperatures (UVUT) in multiphase

fluid flow.

The specifications of criteria pertaining to structural be-
havior in the LOCA is not treated within the AC. Some of the
reactor equipment, especially those elements external to the
nuclear supply system (pipes, pumps, equipment within the
containment building such as spray, cooling, and washdown pip-
ing etc.) are covered by other portions of the reactor criteria
(e.g. , 10 CFH 50-Appendix A). But internal elements of the
nuclear steam supply (the core, steam generator, and tubes)
apparently are not covered within any of the specifications. Al-
though structural behavior is not overlooked in reactor design
and appears to be generally well engineered, the omission of
structural loading criteria for the critical internal elements of
the nuclear steam supply system seems like poor engineering,
if not a nonconservative omission.

During blowdown, the AC specification of elements of the hy-
drodynamics of the primary system coolant behavior are gen-
erally adequate. The requirement to analyze the spectrum of
potential break sizes within the nuclear steam system for dou-
ble-ended breaks and longitudinal splits of any pipe in the sys-
tem in determining the most severe LOCA. conditions is charac-
teristic of those phenomena which have been treated with strong
conservatism. However, there are some potentially trouble-
some weaknesses which may more than counterbalance the
strong points. In modeling the break flow, the AC prescribes
the use of the Moody correlation (AEC Commissioners, 1974,
p. 1112). The Moody method was developed upon an idealized
model of isentropie, equilibrium flow in a pipe. As such it
models homogeneous, equilibrium, two-phase flow in an ap-
parently conservative fashion. It does not account for meta-
stable flow of subcooled liquids which occurs at the immediate
outset of, flow from the break. Though such Qows are probably
of short duration, they are associated with flow rates which are
generally over a factor of two greater than equilibrium flow.
The Commission acknowledged in its Opinion on the AC (AE C Com-
missioners, 1974, p. 1112) that such transient effects may have

an important effect on peak cladding temperatures. An ANC
transient calculation was reported to have predicted peak tem-
peratures about 100 F greater than a calculation using a fixed
Moody discharge coefficient, as specified in the AC. In addi-:-:. '

tion, the Moody model does not describe conditions where un-
equal velocities and temperatures may exist between liquid and
vapor within the two-phase mixture. The effect of mistreat-
ment of conditions of Gow of this type is uncertain, as no cal-
culations of system response with an adequate model of these
conditions are known to have been made. However, in general,
it appears that exclusive use of the Moody model may not be
conservative.
that exclusive use of the Moody model may not be conservative.

In estimating core Qow distribution under conditions where
blockage may induce radial flow within the core, it has not been
demonstrated that the current one-dimensional analysis methods
used by the AEC and vendors are capable of conservatively pre-
dicting these effects. In very preliminary calculations, Gambill
(1973) has shown that even limited local blockages —as well as
substantial ones (from 20% to 90%)—within a variety of overall
core blockage conditions (especially from 0% to 70%) can induce
increases in the peak cladding temperatures of from hundreds to
thousands of degrees F. Potential code weaknesses in properly
modeling flow under these conditions may make estimates of
overall ECCS performance conservatism suspect.

The AC do not specifically treat the problem of entrainment
of Quid in the lower plenum during blowdown. The quantity of
Quid remaining in the lower plenum„ is directly related to the
time interval (the refill period) between the end of blowdown and
the beginning of reflood, during which very limited cooling of'
the fuel rods can be developed. Under these limited cooling
conditions, temperatures would increase rapidly (perhaps as
much as 20 —40 F per second). The lack of specific AC treat-
ment of this problem tends to be nonconservative. However,
the requirement of the AC, Section IC.1, that all ECC fluid in-
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jected into the reactor vessel or inlet lines during the bypass
period be subtracted from the calculated reactor vessel inven-
tory, may be so strong that little or no fluid may be calculated
to remain in the lower plenum at the end of the bypass. If this
is true, then the question of lack of AC treatment'of the entrain-
ment of Quid in the lower plenum may be moot, so far as the
conservatism of the lower plenum fluid entrainment model is
concerned.

The AC also do not attempt the evaluation of nonhomogeneous
two-phase flow models —in which there could be differences in
relative velocity between liquid and vapor —nor provide for re-
lationships between the constituents of heterogeneous mixtures.
Without doing a numerical analysis of such models it is not pos-
sible to evaluate whether this AC omission is conservative or
nonconservative.

In specifying the criteria to apply to core thermal behavior
during blowdown, a serious attempt has been made to require
conservative treatment of these phenomena. In particular, the
specification prec1uding a return to nucleate boiling throughout
the blowdown period after' critical heat-flux (CHF) first occurs
represents a strong conservatism.

Also the specification that the swelling and rupture of cladding
during the LOCA must not be underestimated (AC, Sec. IB) im-
plies strong conservatism in calculations of gap conductance,
cladding oxidation, and embrittlement, and hydrogen genera-
tion. The same section requires that these parameters shall
be utilized in estimating fuel and cladding temperature, ac-
counting for such effects as swelling and rupture. In perform-
ing calculations of the temperatures of the hottest rods in the
core, such requirements should be strongly conservative —es-
pecially if axial heat conduction along the fuel rod is neglected
in the calculational method (as it is in many codes).

The unfortunate aspect of most of the methods specified by the
AC for treating core thermal behavior during the blowdown is
that the experimental data base supporting most of the semi-
empirical models is weak. As a consequence, though the cri-
teria have been directed toward achieving assured conserva-
tism, the empirical basis for demonstrating the conservatism
appears to be weak.

2. Refill period phenomena

During the refill period, the dominant source of energy in the
system is that due to radioactive decay of fission products and
actinides. By this stage of the LOCA, it is probable that the
initial stored energy would have been largely transferred away
from the fuel and cladding with the expelled system coolant, so
that it would no longer be a major energy source. Metal —water
reactions, however, become an increasingly important source
of energy as cladding temperatures increase. As a result of
very low coolant flow rates, especially in the unbroken legs of
the system, transfer of heat from the secondary to the primary
side of the system will also be a relatively minor contribution
to input energy during this period —assuming there are no steam
generator tube leaks. As was discussed in connection with the
description of these energy sources in the blowdown period,
their AC specification appears to be generally conservative.

During the refill period, the principal hydrodynamic effects
are associated with refilling the lower plenum and the effects
of ECCS Quid plugging of steam flow in the unbroken steam gen-
erator loops of the system. The criteria in both of these in-
stances are adequate or strong.

The core thermal behavior during this period is dominated by
heat transfer to slowly moving saturated or slightly superheated
steam. , The AC specify the use of allowable post-critical-heat-
flux (CHF) heat transfer correlations —as discussed under the
blowdown period section. These models appear to be at least
adequately conservative —and perhaps strongly conservative—
especially when utilized in PWR codes which do not consider
inter-rod/coolant radiant heat transfer. It is also probable that
the thermal gradients existing within a PWR core would induce
convection eddy-currents which would aid the cooling of the hot

central rods. This aspect of the core thermal behavior has not
been treated in the AC. Its omission is apparently conservative
though probably of second order in importance.

3. Ref lood period phenomena
The energy input sources during reflood are generally the

same as in previous periods. As in the previous periods, the
AC treatment of energy sources remains generally conservative
during the reflood period. The relative importance of the
sources is somewhat different during this period, however. If
cladding temperatures are relatively low, the dominant energy
source is the decay heat. The influence of initial stored energy
would be essentially negligible in this period. However, metal—
water reactions can become important during reflood, since the
highest cladding temperatures are generally expected to occur
during this period. If temperatures exceed about 2000 F, met-
al —water reactions wouM become a significant source of ener-
gy and wouM provide a positive feedback mechanism which
would be hard to control: high temperature would induce the
steam —metal reaction which would in turn cause even higher
temperatures. This would be difficult to control without ade-
quate ref lood rates.

Heat transfer from the secondary steam forming loop of the
system to the primary reactor loop becomes a very important
energy source of PWRs during reflood. Fluid "carryover"
through the core during reflood passes through the steam gen-
erators where the hot tubes (from the secondary fluid) dry and
superheat the steam. The increased volume of heated steam
produced in the steam generators of the unbroken loops would
then attempt to displace the steam in the reactor core, in order
to escape through the break. The resistance to this steam flow
path provided by the fluid reflooding the core, as well as fric-
tional effects in the unbroken steam generator loops, results in
an increase in pressure. This pressure increase in the sys-
tem is referred to as steam binding —a process which restricts
flow through the core, potentially reducing the ref lood rate.
Steam binding apparently may cause hazardously low reflood
rates, reducing them from intended values of 6 to 11 in/sec to
rates of from 1 to 2.5 in/sec (AEC Commissioners, 1974, p.
1092). The influence of such low reflood rates on core heat
transfer will be discussed below.

Structural behavior is especially important during the reflood
period. The reflooding process has the potential for producing
substantial thermal shocks to the fuel rod cladding, as quench-
ing occurs. If metal —water oxidation has been excessive, brit-
tle failure of the rods may occur during quench —or when they
are subject to other loading mechanisms after they have cooled
further. If the fuel rods are maintained at temperatures near
the AC limits of 2200'F for periods on the order of two minutes
or more, the oxidation produced by the metal —water reaction
may leave the rods in a sufficiently embrittled condition so that
quenching and thermal shock could result in brittle fracture of
the rods. The 17% equivalent, cladding oxidation limit (equiva-
lency based upon stoichiometric estimates of oxidation using the
Baker-Just oxidation relationships) of the AC is designed to
prevent oxidation induced embrittlement. However, experimen-
tal observations of the influence of metal —water reaction in-
duced oxidation on cladding strength (cf., Hobson and Ritten-
house, 1972) suggest that the AC limits do not assure ductile
response of the cladding. The results imply that the oxidation
considered acceptable under the cri.teria may leave the cladding
in a partially ductile condition so that some fraction of the rods
exposed to the limiting conditions may suffer brittle failure du-
ring quenching, at temperatures at or below 900 F (cf. , Finlay-
son, 1975, Appendix 7). Thus the AC limits of 2200 F and 17%
equivalent stoichiometric oxidation of the cladding do not pro-
vide assurance that the rods will be sufficiently ductile under
these loads. The most that can be said with confidence is that
if the rods reach the limiting conditions permitted under the
AC, experiments indicate some probability that embrittlement
may substantially increase the probability of failure during the
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quenching and cooldown processes. A substantial reduction in
the probability of brittle failure mould be achieved by reducing
the limits to approximately 12% equivalent stoichiometric oxi-
dation of the cladding thickness {Finlayson, 1975, Appendix 7).

Oscillatory fluid motion in the core and downcomer during the
ref lood period may contribute additional loading problems to
oxidation embrittled cladding. Fluid oscillations may occur as
the ECC fluid attempts to enter the core. Steam binding may
inhibit coolant penetration of the core until a relatively large
head of standing water is achieved in the downcomer. At some
fluid height in the downcomer, manometerlike fluid oscillations
are expected to occur. The possibility of oscillatory loading is
not specifically treated in the criteria. In fact, the inclusion of
what might prove to be potentially beneficial effects of the os-
cillatory Inotion on heat transfer is specifically excluded by the
criteria, as will be discussed subsequently. The omission of
oscillatory loading of the core and fuel elements from the cri-
teria, though second-order in relative importance, is poten-
tially nonconservative, since such loadings may contribute to
brittle cladding failure.

The most important hydrodynamic feature of the coolant be-
havior during the reflood period is, of course, the reflood rate.
As previously indicated, analysis of the steam binding effect
has caused estimates of reflood rates to fall to hazardously low
values, of the order of 1 in/sec. The factors contributing to
steam binding are droplet "carryover" through the core into the
steam generators, as a result of intense reflood boiling in the
lower portions of the core. The droplets are boiled to steam
and superheated as they pass through the hot steam generator.
The steam generators, pipes, and pumps, as well as the re-
flooding Quid in the core itself, act as restrictions to flow of
the expanding steam, which produce the general increase in
system pressure associated with the steam binding. As pre-
viously noted, the increased pressure acts as a negative sys-
tem feedback mechanism, reducing the reflooding rate, which
reduces carryover, etc.

The AC require that droplet carryover be estimated on the
basis of PWR-FLECHT experiments (Codek et a&. , 1971). These
were extensive, but controversial, tests on reflooding in full-
length, electrically heated rod bundles. It is probable that the
one-dimensional nature of the tests produced an overestimate
of the amount of "carryover" fluid that would be expected in the
open lattice core of an actual PWR. Overprediction of carry-
over is probably conservative in estimating reflood rates, as it
should result in overprediction of steam generation and hence
increased steam binding and decreased reflooding rates. The
effects of oscillatory flow have been excluded in evaluating car-
ryover. The effect of such neglect on conservatism is uncer-
tain.

In evaluating steam binding, the AC require that the effect of
steam generators on superheating the "carryover" produced
steam be accounted for. Such a prescription provides adequate
consideration of the effect. Also, in evaluating the influence of
the pumps as restrictions, the AC have been prescribed conser-
vatively. They require that the pumps be assumed to have locked
impellers —unless a calculation shows that a free-running im-
peller would induce higher peak cladding temperatures. Which-
ever mode of pump operation gives the highest temperatures
must be used in the peak cladding temperature calculation.
Though this criterion is clearly designed to be conservative,
data on pump performance under these conditions is weak. Con-
sequently the proposed models of pump impedance are currently
uncertain.

There are two primary problems associated with evaluation
of the reflooding rate. The first is a very fundamental problem.
The AC require that the reflood rate be calculated by an "ac-
ceptable" model. Unfortunately the supporting evidence for
model adequacy is weak. As will be discussed in more detail
subsequently, the coupled system thermal-hydraulic codes used
in evaluating reflooding are far from having demonstrated va-
lidity. Consequently it is difficult to be sure that reflood rates

-are being calculated adequately. This may be a serious prob-
lem, since the current estimates give critically low ref looding
rates.

The second major problem with reflooding rate estimates is
associated with the potential for steam generator tube leaks and
ruptures. It has been stated that tube breaks with an area of
only 0.003 ft. would reduce flooding rates by 17/0 (Brockett et
al. , 1972). At the current low flooding rates predicted for
PWBs, even a minor break of this sort might reduce the rates
to values so low that the core would not be adequately cooled.
Thus the potential for steam generator tube leakage appears to
be a serious problem which was precluded from evaluation at
the ECCS hearings. The problem will no doubt be a topic for
future review in connection with licensing of new reactors.

As discussed in more detail in the section on Blowdown Period
Phenomena, blockage induced by swollen and rupturedrods canbe
a significantcontributor to core flowdistributionproblems. In
the reflood period, consideration of blockage and radial flow ef-
fects is only required by the AC when the reflood rates are less
than 1 in/sec. Then cooling must be evaluated as though there
were only steam in the core. Though this requirement was
clearly an attempt to introduce conservatism into the criteria,
the heat transfer at reflood rates less than 1 in/sec is so poor
that such rates probably should simply have been disallowed,
as a more conservative criterion.

The core thermal behavior in the reflood period represents a
most critical problem area in the thermal history of the core.
Both the PWR and BWR depend upon-experimental results of the
"FLECHT" programs to provide an empirical base for the heat
transfer coefficients to be used during the reflood period. The
FLECHT programs were the subject of substantial controversy
during the ECCS hearings. Space does not permit a thorough
presentation of the associated claims and counter-claims. How-
ever, it should be recognized that both PWR —FLECHT and
BWR—FLECHT programs had many problems and weaknesses.
Critical tests were marred by problems with malfunctioning test
equipment, indeterminate and/or poorly evaluated data, and in-
adequacies in the analysis of results. Consequently, instead of
providing final resolution of the questions associated with re-
flooding and core spray heat transfer, the tests have prodUced
almost unending controversy. On balance, however, in spite
of the controversy, the results are complete enough to provide
at least an adequate description of the reflood heat transfer pro-
cesses,

For reflood rates greater than 1 in/sec, the AC require that
PWR heat transfer be based upon the PWR —FLECHT results
(Codek et a&. , 1971). In their opinion on the AC, the Commis-
sion noted that although approving the use of PWR —FLECHT
data in reflood heat transfer calculations, they felt required to
observe that the results obtained with this data would represent
"more nearly" best estimate calculations than bounding calcula-
tions. They concluded that an allowance of "up to 20%" might
be needed to bound the data "due to experimental and inferen-
tial errors" (AEC Commissioners, 1974, p. 1124).

The reflooding rate has a very critical effect upon heat trans-
fer. Figure 19 summarizes the results of the PWR —FLECHT
program in terms of the effects of flooding rate. It can be seen
that for flooding rates less than 2 in/sec, the reflooding pro-
cess is dramatically less effective than for flooding rates great-
er than 6 iz/seo. In fact, for flooding rates less than 1 in/sec,
temperature turnaround was achieved with great difficulty, if it
could be achieved at all.

For reflood rates less than 1 in/sec, the AC requires that the
heat transfer analysis be conducted on the assumption that cool-
ing is by steam only, taking into account any flow blockage due
to swelling and rupture of the cladding. Although there is some
question as to whether there is sufficient data to support an
analysis of the core under conditions of convection cooling by
steam only, the basic approach is probably adequately conser-
vative as a method of estimating the heat transfer process. In
view of the FLECHT results for reflooding rates less than 1
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in/sec, there is reason to believe that a more acceptable cri-
terion might simply have been to exclude consideration of rates
less than 1 in/sec as being simply unacceptably low reflooding
rates.

In estilnating the reflood heat transfer, FLECHT test results
have indicated that heat transfer coefficients increase with in-
creasing containment pressure. Though this is not as promi-
nent an effect in improving heat transfer rates as increasing
the reflood rate, it is at least a beneficial second-order effect.
The AC require that the lowest calculable pressure be used for
estimating heat transfer during the ref lood period, considering
the effects of all installed pressure-reducing systems and pro-
cesses within the containment structure. Such a requirement
is definitely conservative. However, the precise amount of
improvement in heat transfer with increasing pressure is some-
what uncertain as a result of a paucity of supporting data.

As previously noted, the BWB heat transfer models for core
spray and reflood are based empirically on the results of the
BWB—FLECHT tests (Duncan and Leonard, 1971). Essentially
the same criticisms can be made of the BWB—FLECHT pro-
gram as were made for PWB —FLECHT. Again, however, with-
out going to extended discussions of FLECHT results (cf., Fin-
layson, 1975, Appendix 8), the program (in spite of numerous,
problems) has provided sufficient data to support a verdict of
"adequacy" for the quality of core spray and reflood heat trans-
fer coefficients derived from the tests. The Commission, in
its opinion on the AC, acknowledged problems with the statis-

tical data for BWB—FLECHT, but also confirmed the "reason-
able" nature of the FLECHT specified values. They said: "The
values obtained [FLECHT derived heat transfer coefficients]
have always been known to have a high statistical error; fur-
thermore the values are low and reasonable, and there seems
little to be gained by renewing the controversy over the manner
of conducting and interpreting all features of the test. . . . . The
high but inevitable statistical error of the coefficients of the
inner rods (1.5+ 1.0 BTU/hr-ft2-'F) is bothersome and leads to
an estimated error band of as much as + 200 F in the calculated
peak temperature in some circumstances (AEC Commissioners,
1974, p. 1126).

In spite of these uncertainties, the values specified do look
"low and reasonable" and the heat transfer is about what would
be expected for natural convection and radiation to steam. Fur-
thermore, the heat transfer coefficients specified are those as-
sociated with cooling at atmospheric pressure, while actual
conditions in the reactor may be expected to be at somewhat
higher pressures, where heat transfer processes would be im-
proved. Thus calculations based upon FLECHT results are felt
to be adequate in conservatism.

4. Adequacy of analytical methods

Beview of the elements of Table XXXII shows a considerable
effort on the part of the Commission and AEC staff to develop
cons ervative Acceptance Criteria for the E C CS. The listed
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phenomena demonstrate attempts to prescribe the individual
separate effects of the LOCA in a conservative manner. The
difficult question to answer is whether the individually conser-
vatively prescribed relationships for the LOCA separate effects
can yield a conservative systems analysis. At present there is
no experimental data which can demonstrate unequivocally that
the integrated systems effects are conservatively prescribed,
even if all the individual pieces are independently conservative.
Therefore any meaningful evaluation of systems effectiveness,
or the conservatism of its evaluation, must currently depend
upon the adequacy of the systems analysis codes.

Considerable reliance is placed on computer codes to predict
the course of postulated reactor accidents —particularly the
LOCA. These codes have not, been verified by substantive com-
parison with experimental data because the data, required do not
yet exist. (A number of separate effects and systems tests,
culminating in LOFT, are currently underway or planned. ) Be-
cause the codes have not been thoroughly verified, the precise
quantitative predictions of accident behavior must be regarded
as uncertain. In licensing evaluation, attempts are made to
compensate for uncertainties by introducing the "conservative"
assumptions of the AC, which have been designed to yield rea-
sonable upper limits on the predicted accident severity. Much
of the controversy in LWH safety is derived from differing
opinions about the degree of conservatism introduced by the
Criteria.

In order to test the validity of the codes, and ultimately to
improve their realism, the AEC has recently instituted a "stan-
dard problem" approach in which each of the reactor manu-
facturers, fuel suppliers, and Aerojet Nuclear Co. have been
asked to predict the results of experiments, prior to their per-
formance (or at least without prior knowledge of the results).
The predictions made with the LOCA/ECCS analysis codes are
then compared in detail with the experimental results.

To date, three such comparisons have been made. The first
such experiment, which consisted of the rapid blowdown of a
simple straight pipe performed by Edwards and O' Brien (1970)
in England, is about as simple and undemanding a test as could
reasonably be envisioned for codes intended to predict the com-
plex events during and following blowdown of a power reactor.
The results of all participants were reasonably good, but by no
means perfect (Gamer, 1973). The inadequacy of the results is
particularly significant when it is observed that the participants
were given results of the test in advance of the performance of

Downcomer Row

25. 0, —

20. 0 g

15 0

10. 0

5. 0

— SEMI SCALE TEST 1009———AEROJET NUCLEAR COMPANY--—--- EXXON NUCLEAR COMPANY

their calculations and allowed to manipulate their codes to at-
tain the best possible solutions.

The second and third experiments consisted of blowdowns of
an apparatus at the INEL, known as 1-1/2 Loop Semiscale. The
Semiscale apparatus is an approximated 1/30 scale representa-
tion of the LOFT reactor, and is essentially one dimensional.
While Serniscale will ultimately incorporate an electrical simu-
lation of a reactor core, the standard problem tests did not em-
ploy a heat source. Consequently, at initiation of the blowdown,
the water was at essentially uniform temperature throughout the
apparatus. Thus, Semiscale blowdowns, while providing a con-
siderably more rigorous test, of the codes than the simple pipe
blowdown, were still considerably less complex than those
which would occur in a reactor blowdown, (i.e. , one —dimension-
al, no heat input during blowdown, etc. , and in one test, no
ECC injection). Typical comparisons of the (unheated) core in-
let flow and the downcomer flow (two of the most important
variables), as measured during the experiment and computed by
several best estimate models, are shown in Figs. 20 and 21.
The results are not encouraging, and tend to indicate that the
physical processes are not, well modelled.

The lack of agreement between prediction and experimental
results for systems which are simple in comparison to a large
power reactor, casts considerable doubt on the ability of the
codes to predict the course of a LOCA realistically. Further,
because the lack of agreement indicates that the important phys-
ical processes involved are apparently improperly modelled in
the codes, the "conservatism" produced by the evaluation mod-
els (which are identical to the best estimate models but employ
"conservative" inputs) cannot be proven.
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FIG. 21. Downcomer flow.

~ During discussion with AEC personnel and others, repeated
implications were made that the vendor codes were superior
to the RELAP code developed for the AEC by Aerojet. The
standard problem comparisons do not appear to support their
view, in that RELAP (Aerojet) appears to yield results which
are as good or better than those produced by any of the other
par tie ipants.
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FIG. 20. Core inlet flow.
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The only reason given for the lack of agreement was that,
because of time and budget pressures, best efforts were not
employed in preparing input for the various codes. Thus it
appears that the standard problem approach, which is essential
to the improvement and verification of the codes, is not being
seriously pursued by the industry. If this is indeed the case,
then the entire AEC approach to the resolution of the LOCA
problems must be re-examined.
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APP ENo l X I I: CONTA I NME NT AND CONS EQUENC ES

In this Appendix we provide basic data, analyses, and refer-
ences for the discussion of Sec. V. Specifically, we present an
independent -calculation~3 of the numbers of cancers, genetic
defects, and nonfatal thyroid cancers from a particular major
release of radioactivity. We also estimate the magnitude of
costs associated with ground contamination following a core
melt accident at a nuclear power plant. The release of radio-
activity we consider is described in Draft WASH-1400 as the
"reference accident" ar PWR2, and is the accident for which
the most data are given. In order to provide as transparent a
calculation as possible, we use a simple approximations ta the
dispersion and deposition of the radioactivity, and we then at-
tempt to verify these results by comparison with detailed re-
sults of Draft WASH-1400 in areas of overlap. We are then in
a position to estimate the magnitude of some effects which were
not calculated in Draft WASH-1400. We find that some of these
effects would be large and would indeed be the dominant long-
term effects on health in the reference accident. The most im-
portant of such neglected effects are the consequences of the
long-term radiation dose received by the population at large
distances from such a major reactor accident, resulting in a
small probability of cancer per person for a large number af
people. We then discuss means for mitigating such potential
consequences of reactor accidents.

A. Radioactive release from core

1. Time scale

= 0.130t . 3 150&t & 4x 10 sec, (AH. 1)

where t = 0 is the time when the fission chain reaction stops,
i.e., when the reactor is "turned off" (Draft WASH —1400, Ap-
pendix VIII, pp. A-2, A-3). This heat rate is valid for a reactor
in which all fission products have reached their equilibrium
levels. This approximation is good to within 25% until. one hour
after shutdown for a reactor which has been operating at power
for at least a week {Glasstone and Sesonske, 1967, p. 101).
This averages to approximately 2% over the first hour. To this

23In order to reduce the risk of publishing a report containing
major misunderstandings, we submitted in writing ta personnel
of the Nuclear Hegulatory Commission a set of questions cov-
ering the technical basis for the differences in aur result from
those of Draft WASH-1400. We received replies ta these ques-
tions at a meeting in Washington, March 17, 1975, and in a
communication, dated March 27, 1975. NRC is working to con-
vert Draft WASH-1400 ta a final report, and many refinements
and corrections have been addressed by the group doing this
work. Several of the discrepancies between our results and
those of Draft WASH —1400 calculated for the same assumptions
turn aut ta arise from a lack of consistency between the input
ta the computer program used in deriving the results of Draft
WASH-1400 and the text of the Draft itself. In general, we con-
tinue to refer ta the data presented in Draft WASH —1400, call-
ing attention to important changes that have been called to our
attention by the indication, "(NRC, 1975a)" or "(NRC, 1975b)."
Draft WASH-1400 was a Draft, and we hope that our work will
help the authors in their efforts to produce as accurate and
authoritative a document as possible.

For specificity, we discuss the PWR reactor considered in
Draft WASH-1400 (Table XXXIII) .

Taking specific heats of 0.07, 0.07, and 0.12 BTU/lb F for
UO&, Zircaloy, and steel. , respectively (Glasstone and Sesonske,
1967, p.814), the heat capacity of the core is approximately
16 000 BTU/ F. The ANS standard heat rate from fission pro-
ducts is,

P/Po= 0.0766t ~ 10&t & 150 sec

TABLE XXXIII. PWR data (selected from Draft WASH-&400,
Appendix VIII, pp. 53-56).

Nominal power 2441 mw (thermal)
(8331 x 106 BTU/hr)

Core weight (pounds)
UO2
Z irealoy
Mis ceHaneaus

{We assume steel)

-175 600
36 300

14 300

must be added perhaps another 0. 5% due to the decay of actinide
isotopes made radioactive by neutron capture. Two and a half
percent of 8.3x 10~ BTU/hour is 5.8 x 104 BTU/sec. , corre-
sponding to an adiabatic 'heatup rate of the core of 3.6 F/sec.
Thus in a loss-of-coolant accident without emergency core
cooling it would take the core approximately 18 minutes to go
adiabatically from an average temperature of 1000 to 5000 F,
the melting temperature of UO&.

2. Radioactive Inventol y

3. Carrying-capacity of the containment atmosphere

The weight of the air in a 1.8x 106 ft3 PWR containment vol-
ume is approximately 50 tons at Standard Temperature and
pressure (STP); and the fissile content of the reactor core
never exceeds 3 tons. There is thus no question of volume con-
siderations limiting the release of the fission products such as
Xe, Kr, and I which will be in gaseous or vapor form. The
other fission products with higher boiling temperatures would
exist as aerosols, however, so we must turn to the question of
the weight of aerosols which could be suspended in this volume.

The Stokes settling velocity

v =pgd2/18' (AII.2)

for a spherical particle qf diameter d = 2p and with a density p
of 8 (steel) is about 0.1 cm/sec (ggjp 2x 10 gm/crn-sec). In
1000 seconds such a particle would "fal.l" one meter. Since the
Stokes settling velocity varies as the square of the diameter,
one would expect an aerosol af smaller particles to remain
suspended far a lang time.

Aerosol particles also coagulate as the particles undergo col-
lision in the gas phase. The number density, n, of an aerosol
of identical particles with radii of the order of one micron will
decrease due to coagulation approximately as

d n/dt =~On = 0.5 x 10 ~n2

(Green and I ane, 1964, Chap. 5), with the solution

(AII.3)

1/n —1/n, =0.5x10 't (AII.4)

(In Eq. AII.3, a simple tkieory gives Ko= 4& T/3q, with g the
viscosity of air. The numerical value for%0 includes some
small corrections). For any largen 0 (i.e. , n 0 & 10~), n will, in
a few seconds, become independent of n 0, and the number of
aerosol particles per em3 will decrease like

n= 2x 109/t (AII.5)

For t of the order of 1000 seconds, we haven about 2x 10
partic l,es/cm~.

Thus it is possible for the containment to be fil.led with par-

We have divided the radioactive inventory of the core into
groups according to chemical and biological properties. Table
XXXIV gives a partial shutdown inventory of isotopes which have
half-lives of the order of one hour or longer, for a 1000 MWe
PWR with an average fuel exposure of 17.6 MWday/kg (Draft
WASH-1400, Appendix VI, pp. 6, 60).
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ticles of the order of about 2 micron diameter with a density
of about 2x 106/cm3. For a particle mass density of 8 g/cm
this would come to two tons or approximately two percent of
the total. mass of one"-PWR core.

It is instructive to calculate how long it wouM take to evapor-
ate this much mass once the core is mol. ten. Iron boils at
5400 F and has a heat of vaporization of 2700 BTU/pound. De-
cay heat at the rate 2.5 percent of ful. l power could boil off
steel at the rate of 40 tons per hour. Obviously, there is
plenty of heat available to generate the aerosol.

If the containment atmosphere spray and filtration systems
function, the loading of the containment atmosphere with radio-
nuclides other than the noble gases could be reduced by an or-
der of magnitude or so (Draft WASH —1400, Appendix VII,
pp. 26-53).

B. Atmospheric dispersion

1. Containment failure time and rate of release

Isotope
Half-life

days (years)
Inventory

(106 curies)

Noble gases
"Kr
"Kr
"Kr
"Kr

133Xe
'"Xe

10.76 (yr)
0.18
0.053
0.116
5.3
0.38

0.6
26
52
76

170
26

Iodine s
131I
132I

133I

134,
135I

8.05
0.1
0.875
0.036
0.28

85
120
170
200
150

TABLE XXXIV. Radioactive inventory at shutdown of water
reactor (from Draft WASH-1400, Appendix VI, pp. 6, 60).

If one of the series of failures that would lead to loss of
coolant and meltdown were to occur, the containment would be
breached within a period of the order of a day. In a large PWR
containment, if the containment atmosphere cooling and isola-
tion systems work, the failure will. be a result of the molten
core's penetrating the concrete base mat of the containment,
and the release would occur into and through the soil under the
containment. Other containment failure modes would release
the containment atmosphere directly into the outside atmo-
sphere. This could occur as a result of:

failure of containment isolation valves;
a "steam explosion" violent enough to rupture the contain-
ment; . or
the overpressuring of the containment by steam or noncon-
densible gases. Below we offer a simplified calculation of
the energetics involved in the case of overpressure by
steam.

The threshold assumed for containment failure in Draft
WASH-1400, Appendix VII, is 100 psi. The energy required
to generate a cubic. foot of saturated steam at this pressure is
approximately 250 BTU/ft. 3 For the full. PWR containment
volume, this corresponds to about 0.45x 109 BTU. The stored
heat in the primary coolant water and core is of the order of
0.25x 109 BTU Qraft WASH-1400, Appendix VIII, p. 53) and,
at 2.5% decay heat, the core is producing of the order of
0.21x 109 BTU/hr; Compl. ete oxidation of the zirconium in the
core at 4200 BTU/pound will release a total of 0.150x 109 BTU.

Therefore, in the absence of effective containment heat re-
moval. , one would expect the PWR containment to fail. due to
overpressure (i.e., if it has not already fail. ed as a result of a
steam explosion or failure of the isolation valves) within a
period of the order of an hour. This result is consistent with
that in Draft WASH-1400, Appendix VIII, A small BVVR con-
tainment could be overpressured by noncondensible gases in a
simil. ar length of time.

2. The plume

Telluriums
129Te
129Te~
131T
132Te

Cesiums
134CS
'"Cs
'"Cs

Volatile oxides
"Mo
99T

103Ru
10'Ru
"'Ru

Alkaline earths
"'Ba
"Sr
"Sr
"Sr

Nonvolatile oxides
90~
91~
"Zr
"Zr

Nb
140 La
141Ce
143C
144ce
143Pr
"'Nb
'4'Vm
"'Pm
"'Pm
239Pm

0.048
34.1
l.25
3.25

2 (yr)
12.9
30 (yr)

2.8
0.25

40
0.18
1 (yr)
1.5

12.8
50.6
27.7 (yr)

0.4

2.7
59
65.5
0.7
3.5
1.66

32.8
1.37

285
13.6
ll
2.65 (yr)
2.2

86.4 (yr)
24390 (yr)

28
10
15

120

1.7
6
5.8

160
140
100

58
19
58

160
110

5.2
130

5.2
140
160
160
160
160
160
150
110
150

60
17
40
0.1
0.01

There are several meterological factors that govern the dis-
persion of the radioactivity after an assumed breach of con-
tainment.

+=eh, ~ =0.44, (AII.6)

a. Plume r/se

Because the atmosphere in the containment is hot, the-re-
leased plume would be buoyant. The radioactivity carried by
the plume woul. d add more heat. Gifford (1967) has derived a
simplified plume-rise equation from these considerations and
the assumption that the plume radius grows with height as

d2s/dt2+Ps —3f +I' *t)/e2u = 0 (AII.7)

s =@3, (AII.H)

where A is the height to which the plume has risen. The re-
sulting equation may be written Rs
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u equals the wind velocity, and

P = (g/T)[(dT/dh) +9.8] (AI1.9)

In Eq. (AII.4) g is the gravitational constant and T the atmo-
spheric temperature in 'K. The adiabatic lapse rate (i.e. , rate
of decrease of temperature with altitude) for dry air is dT/dh
=-9.8 C/km. In the plume equation

+ =-gG /7rp C& T, I" *=gG */mpC& T, (AII. 10)

where G is the rate at which the plume carries heat away from
the containment, & * is the rate at which heat is added by radio-
activity to a segment of the plume which has been rel.eased in a
second, and C& is the heat capacity of air per unit volume at
STP. For initial conditions, h=dh/dt =0 att =0, and p &0
(stable atmosphere) the solution to the plume-rise equation is

h~= (3/ps2ug5'(1 —cosp~~~t)+8'*t(1 —sin(p~ t)/(p t)j)
(AII.11)

The sinusoidal terms are a reflection of the physically unreal-
istic assumption implicit in Eq. AII. 6—that the plumes shrink
when they sink. They shoul. d therefore be taken only as an in-
dicator of time scale for plume rise. For an isothermal atmo-
sphere with I =- 5 m/sec (11 miles/hr), and a containment re-
lease over a period of 1 hour of a saturated steam atmosphere
at 100 psi carrying radioactivity equivalent to 0.5% of full pow-
er, the solution of Eq. AII. 11, neglecting the sinusoidal terms,
is

While it is difficult to calculate the total immediate radiation
effects on health where it is necessary to calculate exact doses
to specific individual. s, we can compute the average total long-
term man-rem dose -received as a result of a given release
using a simplified model, the "wedge model. ."

In our applications of this approximate model the distances
of concern are hundreds of miles. Over this distance the plume
will ordinarily have diffused fairly completely through the ver-
tical height of the mixing l.ayer, usually a few thousand feet. We
therefore make the approximation that the concentration of the
plume is uniform through this layer. Also, instead of using a
Gaussian distribution for concentration in the horizontal di-
rection cross-wind, we use (as does Draft WASH —1400) a mean
constant concentration within a wedge. The effective wedge
angle 0 is typically 0.13 to 0,7 radians depending on prevailing
atmospheric stability. The final result for man-rem population
doses is found to be independent of 0 and of the detailed form
of the angular distribution.

Ignoring fallout arid radioactive decay for the time being, it
is easy to see that within the wedge X(r}= Q/Duo~ where X is
the time-integrated concentration in curies-sec/m, Q is the
total release in curies, x the distance from the reactor, H the
mixing-layer height, and u the wind velocity.

The radioactivity falls out at a rate proportional to the pro-
duct of the ground level concentration and the vertical, or
"deposition, " velocity of the radioactivity, &„.Assuming that
the plume remains well-mixed vertically, and including the ef-
fect of depletion by fallout, we get

h = 170(1+2.6&& 10 t) ~ meters, (AII, 12) y(r) = (Qe ~f")/Husr, where Af =vz /uH (AII.16)
with an initial rise time to 170 meter height of the order of

p-«~2=55 sec . (AII. 13)

b. Vertical d! spers/ on

There is a question whether a-plume released at ground level.
would actually rise in the above fashion. For this reason plume
rise from ground-level releases has been treated in Draft
WASH-1400, Appendix VI, as a contributor to the vertical dis-
persion in the exposure formula,

X -Qexp(- '/2 ')/t. ( / )' ' ] (AII. 14)

Here Q is the total amount of radioactivity in the plume
(euries), 0 is the plume width in radians, u is the wind velocity,

[ (~ A)2 +h2] «/ 2 (AII. 15)

(where 0~ is a dispersion parameter associated with the atmo-
spheric stability), and X is a measure of integrated exposure
to the plume (measured in curies-sec/m3). Terms associated
with cloud depletion by radioactive decay and deposition are
not shown. '4

in our approximation. We shall use. Draft WASH —1400 values
for cd .e„=0for noble gases, 0.5 cm/sec for iodine, and 0.2
cm/sec for other isotopes. These deposition velocities have
been established experimentally only within an order of mag-
nitude (Slade, 1968, Chapters 4 and 53.

Using the Draft WASH —1400 figures above, we get. A,~ «=770
km for iodine, and 1900 km for other isotopes, for H = 1100
meters and &=3.5 m/sec. These values of H and ~ are aver-
ages over values used in Draft WASH-1400. (See below. ) This
distance scale Az « is much larger than the distance beyond
which the wedge model approximation to more exact Gaussian
plume models becomes reasonable for most atmospheric condi-
tions, so that there is a considerable range of distances over
which the wedge model is valid.

For an isotope with decay constant Ad, (sec «) we have

X{~)= {Q/uII~e)exp[{-X~ —A,
„

/u)x] cur ies-sec/m . (AII.17)

3. Radiation doses

a. Inhalatlon doses

c. The wedge model

Immediate health effects associated with high doses of radia-
tion woul. d be confined to within a few tens of miles from the
reactor under most weather conditions. Within this distance,
doses would be affected significantly by atmospheric stability,
inversion heights, height of the rel.ease, and plume rise. Im-
mediate health effects are also quite sensitive to the magnitude
of the doses, since threshold phenomena are involved. For all
these reasons, calculated immediate effects w'ill be sensitive
to the detailed modeling of the meterol. ogical effects, radio-
nuclide release fractions, biological dose-response models,
evacuation assumptions, etc. and are not only variable but also
quite uncertain at the current level. of sophistication for these
calculations.

24For the lore on atmospheric dispersion estimates, see
Turner (1970) and Slade (1968).

9j2 A pQb~
D = d 0 X(x)pbID~xdr =

-9/2 0 Vd+ d

& [1—exp{-~f—&d/u)R j man-rem, (AII.18)

where P is the average population density, b is the breathing
rate, and F~c is the dose conversion factor in rem per curie
inhaled.

In Table XXXV we list some of the dose conversion factors
given in Draft WASH-1400, Appendix VI, p.57. These are
doses to the whole body, lungs, and GI tract due to the inhala-
tion of a millicurie of each of the listed isotopes. (The num-
bers for 50-year lung doses are our own, calculated from the
corresponding Draft WASH-1400 30-day numbers by a pre-
scription which will be explained below. )

To get an estimate of the total population dose by inhalation
to the whole body or to a specific organ (doses arising from
radioactivity inhaled and retained) integrated out to a maximum
distance, A, we have:
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TABLE XXXV. Doses due to inhalation of a radioactive aerosol (in rem/m curie). [From Draft WASH-1400, Appendix QI, p. 57
(except for the 50-year lung doses) j.

"Sr
"Sr
"Sr
90~
91~
"zr
"zr
95mb

"Mo
"Tc

103m.u
10'a.u
"'H,u
105Hh
129Te
129Te
31Te

132Te
131I
132I

133I
134I
135I

'34cs
13'Cs
137Q
140Ba
140 La
141Ce
143pe
l44 Ce
143pr
147Nd

'4'rm
'4'Pm
238pu

239pu

Half-life
days (yr)

50.6
27.V (yr)
0.4
2.7

59
65.5
0.7
3.5
2.8
0.25

40
0.18
1 (yr)
1.5
0.048

34.1
1.25
3.25
8.05
0-.1
0.875
0.036
0.28
2 (yr)

12.9
30 {yr)
12.8
1.66

32.8
1.37

285
13.6
11
2.65 (yr)
2.2

86.4 (yr)
24 390{yr)

Whole-body dose
50-yr (30-d)

11.5
(1.6)

0.352
0.6

(2.6)
15.8 (4.9)
0.39
4.4V (2.00)
0.661
0.0084
0.771
0.0644
2.85
0.0975
0.02

0.732
1.96
2.6 (2.4)
0.13
0.57
0.04
0.29

56 (15)
5.5

(8.2)
7.2
0.835
1.65 (0.81)
0.337

65 (6.6)
1.13
1.16
6.94 (0.36)
0.311

144 000 (304)
159 000 (283)

Lung dose
30-d (50-yr)

v8 (176)
188 (117.0)

5.5
21
86 (210)
vv (199)
10
34
12
0.081

3V (V4)
1.6

234 (1140)
2.6
0.34

10V (19V)
ll
31
21
0.9
5.1
0.36
2

50
15
35

122 {146)
17
23 (41.5)
10

216 (990)
29 (35.5)
24 (2V.2)
12 (6V)
8.7

10000 (176 000)
9600 (171000)

GI tract
50-yr

45
36
24
71

22
71
ll
30
0.45

22
ll

107
ll
2.1

55
36
55
1.1
2.4
2.2
2.2
2.1
2.1
1.1
1.1

55
55
ll
30

110
24
22
5.5

26
43

The lung doses were calculated using the assumptions that
25 jp of the aerosol inhaled is exhaled, that 50 jp of it is de-
posited in the upper respiratory passages and subsequently
swallowed, and that 25 jp is deposited in the lower respiratory
passages. Of the last 25 jp, it is assumed that one-half the in-
soluble component is eliminated from the lungs and swallowed
within the first 24 hours and that the other half has a residence
half-life in the lungs of 120 days before being absorbed into the
body (except for plutoniUm which is assumed to have a resi-
dence half-life of one year). 25

These inhalation dose conversion factors should be used only
with several reservations

(1) They depend upon assumptions as to whether the isotopes
are in soluble or insoluble form. These assumptions are not
made explicit in the reference.

(2) For purposes of calculating exposures contributing to lung
cancer it is inappropriate to truncate the integration at 30 days.
This fact was recognized in Draft WASH —1400 in the case of
the whole-body exposures where both 30-day (for acute effects)
and 50-year values (for cancer) are offered where they differ

I

2~All but the last assumption for plutonium are taken from
ICRP, 1959, p. 153.

substantially. We have calculated the corresponding 50-year
lung doses for the insoluble isotopes using the following de-
pendence of integrated dose on integration interval T:

1
D(T) = — dt exp(-t/7. ) [1—t) U(1 —t) + exp(-t/&1. )]

8

(AII.19)

Here 7 is the exponential decay lifetime of the isotope corre-
sponding to its half-life and 7z is the exponential time corre-
sponding to the biological half-life in the lungs assumed for the
1/8 of the inhaled insoluble aerosol radioactivity which has the
longest residence time in the lungs (120-day half-life for all
insoluble compounds except plutonium where 1 year is used,
Draft WASH-1400, Appendix VI, p.56). The first term in the
square brackets corresponds to the dose from the 1/8 of the
inhaled radioactivity which is assumed to be cleared from the
lungs within the first day. (U(g) is the step function with value
1 for g &0 and 0 for X & 0.) We have indicated to 50-year lung
doses in Table XXXV in parentheses next to the 30-day lung
doses in those cases where the difference is significant.

(3) No calculations of bone doses have been offered although
this dose can be relatively very large in the long term —par-
ticularly in the case of Sr.
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TABLE XXXVI. Thyroid inhalation doses averaged over age groups (from EPA, 1973).

Age group
(Percentage

of
population)

Fraction of
inhaled iodine

reaching
thyroid

Biological
half-life
for iodine

(days)
Thyroid mass

{grams)

.Effective
decay energy

(Me V)

Dose conversion
factors

(rem/m curies
inhaled)

Breathing
rate

(cc/sec)

0-1 year
(l.v9)

1-9 years
(16.4V)

10-19years
(19.57)

20 years
(62.1V)

0.38

0.38

0.28

0.23

20

29

70

100

1.9

12

20

i3iI

0.18

0.18

0.19

0.19

i33I

0.40

0.40

0.42

0.42

i 3i I
15 000
(4800

12.000
(4800
2400

(1VOO

1200
(15OO

i33I

4800
12OO) '
3400
1000)

600
42o) '
300
3VO) '

37
(35) '
llo
(»)'
200

(155) '
230

(232) '

Values used in Draft WASH-1400.

b. Thyroid Inhalat/ on dose

We treat the dose to the thyroid in somewhat greater detail
because this is a subject which in previous calculations has
received inadequate attention. Our principle reference in an
EPA analysis28 which divides the population into four groups
as shown in Table XXXVI. The table also shows the age de-
pendence of the various factors which go into eornputing the
thyroid dose from the amount of radioactivity inhaled and the
final conversion factors for I (8-day half life) and i33I (21
hours). The EPA report has neglected the thyroid doses from
the shorter-lived iodine isotopes: i32I (2 hours), i34I (1 hour),

I (6.5 hours). This seems to be a reasonable approxima-
tion. (In our calculations we have simply taken the child dose
conversion factors for these isotopes equal to the ICRP adult
dose conversion factors. )

The EPA dose conversion factors differ somewhat from the
factors used in Draft WASH —1400. We have learned that the
latter report uses figures taken from a previous AEC study,
WASH-1258, 1973, Vol. 1, p.6B-35. The agreement between
the EPA and these Draft WASH-1400 thyroid dose conversion
factors is within 30% except in the ease of children aged 1-9
where the EPA dose conversion factors are about 2.5—three
times larger. Part of this discrepancy (a factor of about 1.7)
seems to be associated with the assumption in %ASH-1258
(p.6B-10) that the fraction of the inhaled iodine reaching the
thyroid is the same for children as for adults. Experiments in-
dicate a wide spectrum of fractional uptakes for children. 27

Not enough information is offered in WASH-1258 for us to
determine the source of the remaining discrepancy.

We note, however, that in the AEC study entitled, The po-
tential Radiological Implications of Nuclear 5'acilities in the
Upper Mississippi River Basin in the Year 2000, WASH-1209,
1973, the mass of the "four-year-old child's thyroid" is given
as 5 grams (p. IX-4), whereas the value used by the EPA is
only half as large (see Table XXXVI). The computed dose
varies roughly in inverse proportion to this mass. The only
study of which we are aware, Mochizuki et aI. (1963), gives
the following thyroid mass averages: 1-2 years, 1.8+ 0.6 gm;
3-4 years, 2.6+0.9 gm; 5-9 years, 4.6+1.5 gms.

The breathing rate for children used in %ASH-1258 is also
smaller than the EPA number by a factor 1.35. The net result
is that the child thyroid dose from radioiodine inhalation com-
puted with the AEC numbers would be 3.5 times smaller than
those computed by the EPA prescription.

We are not in a position to resolve this discrepancy. We

~our principal reference here is the detailed discussion pre-
sented in EPA, 1973, pp. 133-118.

See the summary by Cole (1972), Appendix E.

will, therefore, treat the AEC and EPA dose conversion fac-
tors as the limits of a range of uncertainty. The subject
should obviously be addressed by an expert group —as should
the relationship between adult and child doses for other or-
gans. We understand that the authors of Draft WASH-1400
propose to revise their numbers in the final report. Their
tentative revised number for the 1-9 year thyroid dose conver-
sion factor is in the middle of the range between the published
Draft WASH-1400 values and the EPA numbers (NRC, 1975a).

c. External doses

In addition to the inhaled radioisotopes, the gamma emis-
sions from radioactive nuclei in the passing cloud and from
those deposited on the ground would also contribute to the
whole-body dose. The dose from "cloud shine" for an inte-
grated exposure of 1 curie-sec/m3 and the hourly dose rate
from "ground shine" for a contamination level of 1 curie/m2
are given in Draft %ASH—1400, Appendix VI, page 60. They
are reproduced in Table XXXVII. These doses have been cal-
culated for 5 cm tissue depth, without additional shielding fac-
tors. The contribution of the cloud shine was calculated in the
approximation that the cloud is very thick in comparison with
the mean free path of the gamrnas (which is of the order of
100 meters).

For purposes of orientation, let us compare the doses from
cloud and ground shine assuming a deposition velocity of 0.2
cm/sec. The relationship between the integrated exposure y
and the ground contamination 0 is given by

0 =v&y curies/m 2 (AII.20)

or

cr =2 &10 g curies/m (AII.21)

I=2.3 &10 4X curie (AII.22)

From Table XXXV (Doses Due to Inhalation), it will be seen
that the whole-body dose due to inhalation will exceed that
which had been received by external gamma radiation during
the passage of the cloud —typically by an order of magnitude.
If evacuation occurs reasonably rapidly, we therefore expect
the large short-term radiation doses to be incurred dominantly
via the inhalation route. At greater distances, where doses

From Table XXXVII, it will be seen that for this deposition veloc-
ity, it will take of the order of 5 to 10 hours of exposure for the
whole-body dose from radionuclides deposited on the ground
to equal that due to the corresponding cloud dose.

It is instructive to compare these doses with the whole-body
inhalation doses which we have tabulated in Table XXV. The
curies inhaled for an exposure of y curies-sec/m3 and an adult
breathing rate of 230 cc/sec are
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are lower and evacuation is not carried out, the integrated
dose due to ground contamination can be the dominant whole-
body dose.

C. Oose effects

1. I mmediate

Calculations of immediate deaths, due to acute radiation
damage, either internal or external, are very difficult to make.
Acute lethal doses are in the ranges of hundreds (whole-body)
to thousands (lung, GI-tract) of rem. We cannot use the wedge
model to estimate acute effects because it is inapplicable at
distances short compared with an atmospheric mixing length.
As already noted, the number of doses in the lethal range will
depend sensitively on plume rise, atmospheric stability, evac-
uation, shielding by houses, population density close to the
site, and assumed biological threshold doses. We did not have
the resources or timeto do an independent calculation of the im-
mediate deaths expected under various conditions. For this
reason we concentrated on the cancer induction and genetic de-
fects associated primarily with the lower doses experienced at
great distances (which are, of course, in addition to the im-
mediate fatalities, although they take place over decades
rather than weeks).

However, we note that certain effects seem not to have been
discussed adequately in the previous estimates of «&«damage
and these effects may make substantial differences to the re-
sults in this area:

We note that there is apparently great uncertainty as to the
thresholds for acute biological effects resulting from the in-
halation of radionuclides. The authors of Draft WASH —1400,
for example, have modified the standard ICRP values for doses
to the GI tract by introducing large shielding factors associ-
ated with the mucous coating and epithelial lining of the in-
testines (Appendix VI, p. 43). We have been unable to find any
basis in the references given there for the large shielding fac-
tors invoked, but unlike experiments on radiation-induced
cancer and genetic defects, experiments to determine the ap-
proximate thresholds for acute radiation effects due to the in-
halation of an appropriate mixture of important radionuclides
ean be performed relatively rapidly using large mammals.
Such experiments might substantially reduce the uncertainties
involved in calculations of acute effects on humans. We urge
that they be done. [Final WASH-1400 will clarify this issue.
The authors assert that even without the assumed shielding,
immediate deaths due to GI-tract irradiation are not larger
than immediate deaths due to lung and whole-body irradiation
(NRC, 1975a).]

2. Cancer dose-response coefficients

We will use as our guide in this discussion a standard refer-
ence for the dose-response coefficients, "The Effects on Popu-
lations of Exposures to Low Levels of Ionizing Radiation"
(NAS, 1972).

The numbers in this reference are intrinsically uncertain
since they are based on a rather small number of well-estab-
lished cases where human cancers were produced by radiation
exposure. Because the statistics are small, the exposures
uncertain, and the followup incomplete in these cases, it has
been impossible to use them to explore, in any but the roughest
manner, the dependence of the dose-response coefficient on
age-at-exposure, sex, race, length-of-time after exposure,
or dose rate. Also, most analyzed experiences have neces-
sarily been associated with relatively high doses (hundreds of
rem) because smaller effects associated with smaller doses
would not have been detected.

For this reason, extrapolation is necessary in order to cal-
culate the effects of the individual doses (of a. few rems to tens-
of-rems, often delivered over a period of years) which would

TABLE XXXVII. Direct doses from the plume and from fallout.

Isotope
Half-life
days (yr)

Ground dose
(re ms/hr) /
(curie/m )

Cloud dose
(rems/hr}/

(curie see/m3)

"Kr
"Kr '
8ZKr

"Kr
89Sr
90Sr
91Sr
80yr

81~
85gr
8Zzr

89Mo

"Tc
"'Ru
105Hu

"'Ru
105Rh
129Te
129Te
131T
132Te
131I
132I
133I
134I

. 135I

133Xe
135Xe
134Cs
136Cs
13ZCs
140Ba
'"I,a
141C

143Ce
144Ce
143pr
14ZNd

'4'Pm
'4'Pm
238pu
'"Pu

10.760 (yr)
0.180
0.053
0.116

50.6
27.7 (yr)

0
2.7

59
65.5
0.7
3.5
2.8
0.25

40
0.18
1 (yr)
1.5
.0.048

34.1
1.25
3.25
8.05
0.1
0.875
0.036
0.28
5.3
0.38
2 (yr)

12.9
30 (yr)
12.8
1.66

32.8
1.37

285
13.6
ll
2.65 (yr)
2.2

86.4
24 390

(yr)
(yr)

0.0
0

28.4
0.02
0.02

20.P
23.8
20.4
7.2
4.0

14.4
18.0
6.0
2.8
3.0
3.0

33.6
6.8

11.2
68.0
14.8
64.0
48.0

48.0
60.0
16.8
8.4

60.0
2.2
8.8
1.2
0.0
4 0
0.0
0.1
0.004
0.004

0
0.036
0.36
0.42
0
0
0.16
0.002
0.002
0.19
0.06
0.18
0.06
0.035
0.11
0.20
0.05
0.005
0.018
0.025
0.375
0.05
0.09
0.55
0.12
0.60
0.42
0.007
0.06
0..36
0.46
0.13
0.06
0.52
0.016
0.085
0.004
0
0.045
0
0.012
0
0

At a level of 1 m above a smooth plane. We are informed
that the coefficients used in Draft WASH-1400 are low by a
factor of 2 (NCR, 19756). Our values for the dose include this
correction.

dominate the total population dose from a major reactor ac-
cident. In the absence of a basis for a verifiable extrapolation,
it is ordinarily assumed that the relationship between dose and
the probability of cancer induction is linear below the hundreds-
of-rem region where the data exist. Although some animal
data indicate a nonlinear relationship, the NAS report con-
cludes that:

"At this time, the linear hypothesis, which allows the
mean tissue dose to be used as the appropriate measure
of radiation exposure, provides the only workable ap-
proach to numerical estimation of the risk in a popula-
tion. Further, since there are no means at present of
determining the value of the dose-effect slope in the low
dose region of interest, use of the linear extrapolation

Rev. Mod. Phys. , Vol. 47, Suppl. No. t, Summer 3975



Appendix l I: Containment and consequences S101

from data obtained at high doses and dose rates may be
justified on pragmatic grounds as a basis for risk esti-
mation" (NAS, 1972, p. 89).

Draft. WASH-1400 also uses the assumption that the-proba-
bility of cancer or genetic abnormality in the-population is
linearly proportional to the man-rem exposure, independent
of its distribution in the population (at subacute levels). Per-
haps, when an improved theoretical understanding of the
mechanisms of cancer induction is arrived at, it may be pos-
sible to devise a more sophisticated extrapolation procedure.
The other basic document in the field (UNSCEAR, 1972,
p. 431) states:

"The Committee wishes to reemphasize that all the
estimates apply to short-term exposure at high-dose
rates and, as discussed in Annex 6, are likely to be
over-estimates of the risk per unit dose that may
result from protracted irradiation at low-dose rates
and with low- LET radiation. "

3. Caricer from whole-body dose

"Despite many uncertainties, an approximate estimate of
over-all cancer mortality can be made on. the basis of follow-
up studies on Japanese atomic bomb survivors and patients
treated with radiation for diseases other than cancer. In those
populations, the excess mortality from all forms of cancer
corresponds to roughly 50-165 deaths per 106 persons per rem
during the first 25-27 years after irradiation" (NAS, 1972,
p. 91).

There are several methods of extrapolating this range to the
expected cancer induction rate for the U.S. population as a
whole (i.e., a-population with age distribution of the U.S.).

On the basis- of an "absolute-risk -model, " taking into account
latent periods, lifetime risk, and increased sensitivity to
radiation at certain stages, we can estimate for the U.S. popu-
lation an excess mortality due to cancer of about 130 per
million man-rem.

Certain sensitive organs, in particular lungs and thyroid, re-
ceive large beta doses. This contribution to the whole-body
dose is small because of the short range of the betas. Since
lung cancers comprise about 20 /0 of the cancers due to whole-
body dose from externaE radiation, there may be many more
from the localized beta dose, and these should be estimated
separately.

4. Lung cancer from lung dose

"For cancer-of the lung, the mortality at high doses has been
observed to approximate one death per 10 exposed persons per
year, per rem-. " (NAS, 1972, p. 87.) The results range from
0.6 to 1.61, and the years in question range from 7 to 50 years
after exposure (typically only an average of ten years per sub-
ject in the sample, however). (NAS, 1972, pp. 150-151.)

5. Thyroid cancer from thyroid dose

Iodine is readily absorbed into the body following inhalation
and is concentrated to a- large degree in the relatively small
thyroid gland. (See Table XXXVI.) The thyroid is also quite
susceptible to radiation-induced tumors —especially for per-
sons exposed as children. These two reasons account for the
fact that, of the 19 Marshallese children under the age of 10 on
Rongelap Island who were accidentally exposed to fallout from
a nuclear test on Eniwetok Island in 1954, all but two suffered
thyroid damage: 14 cases of benign tumors, one malignant
thyroid cancer, 2 thyroid atrophies with consequent stunted
growth (Conard, 1975).

The best statistics for the dose-effect relationship for thyroid
cancer come from the Marshallese data (as analyzed by R. Con-

rad) and from followup investigations (by L. Hempelman and
collaborators at the University of Rochester) on a group of per-
sons subjected to large x-ray doses to the thymus gland (and
nearby thyroid) in infancy. For the incidence of benign thyroid
tumors in persons exposed to x-rays before age ten, we will
use Hempelman's number: "38 to 52 cases per 106 persons ex-
posed per rad thyroid dose per year" (Hempelman, 1968). Ap-
proximately one-third of these benign tumors were treated sur-
gically. In Hempelrnan's latest survey (Hempelman et aP. ,
1975), the reported increased incidence of both benign and ma-
lignant thyroid tumors has been found to continue more than 30
years after exposure. The latest reviews of the Rongelap chil-
dren (we defined children here as persons exposed before the
age of ten) do not change the nodule data for children much
from the data in the summary by Hempelman in his 1968
review paper. By 1966, all but two of these nineteen children
had developed tumors or had had their thyroi. ds atrophy. The
fifteen who developed tumors were operated on, and an attempt

- has been made to keep the entire group on medication since
1965 (Conrad, 1975).

Regarding the incidence of nonfatal thyroid tumors in persons
exposed. after age 9, we have only Conard's-data. Taking his
full Marshall Island sample, the incidence of benign nodules
among persons exposed after the age of- 9 seems- somewhat
higher than among the unexposed population —but the effect is
much less significant than for the persons exposed at higher
doses as children, and we shall not attempt to extract a num-
ber.

As regards malignant thyroid tumors, the NAS report esti-
mates a risk of 1.6 to 9.3 cases per year per million childhood
rem averaged over 25 to 30 years following exposure (NAS,
1972, pp. 120-125). The upper end of the range is derived from
Hempelman's data. In Hempelman's latest survey, using a new
and more plausible. averaging- procedure, he obtains an average
value for the corresponding coefficient (with an assumed latent
period of 5 years) of 3.0. The Marshallese data, based on one
eareinoma, are consistent with this number. We take the best
value for the coefficient now to be 1.6-3.0 per year per million
man-rem.

Finally, we come to thyroid cancer in persons exposed after
age 9. Here we have the Nagasaki, Hiroshima, and Marshall
Island data. The Hiroshima-Nagasaki data appear to show an
elevated incidence of thyroid cancer for women exposed as
adults —perhaps one-half of the excess rate per rem for women
exposed as children —but the statistics are marginal (UNSCEAR,
1972, p. 437).

Conrad reports two carcinomas (identified in 1965 and 1967,
respectively) among his sample of 34 persons on Rongelap ex-
posed after age 9 to an average thyroid dose of 379 rad. Conard
obtains from this group an incidence of about 6 per million thy-
roid rad per year averaged over 20 years. If one averages only
the years before medication began in 1965, the incidence would
approximately double and subtraction of a latent period of 5
years might lead to yet another doubling. And, of course, with
2 cases, the average incidence might well be half or twice as
large as estimated. Such calculations are a large burden to put
on such small statistics so we will conclude only that the corn-
bined message of the Hiroshima-Nagasaki and Rongelap data is
to. suggest that, per rem, the likelihood of thyroid cancer in-
duction in adults is of the same order of magnitude as that in
persons exposed before age 10.

One key question is whether a rem from radioiodine ( I in
particular) will be as effective in producing thyroid tumors as
a rem from x-rays. The NAS report gives a reference to an
experiment with rats where the carcinogenic effect of ~ I at
very high doses appears to be approximately one-tenth that of
x rays (Doniach, 1963). Russian workers seem to have found
similar effects -and attribute them to the fact that the most sen-
sitive cells in the thyroid receive much less than the average
thyroid dose due to the uneven distribution of the iodine in the
thyroid and the short range of the beta-rays emitted by ~3~I.
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The other radioiodines emit more energetic beta-rays, how-
ever, and the Russians find their radiation at least as effective
biologically as x rays, rem-for-rem (Klassovskii, 1967, pp.
40-42; Ilin et a)., 1972, p. 48).

Since slightly more than one-quarter of the population thyroid
dose calculated in Draft WASH —1400 is due to these other radio-
iodines (see below), the average biological effectiveness of the
iodine dose would, according to these results, be about one-
third that of x-rays. (The dose to the Rongelap group thyroids
was dominated by short-lived radioiodines so that the conse-
quences for this group do not contradict the possibility of a
lower relative effectiveness of ~3~I.) The NAS report notes that
the evidence for humans is quite complex and the report does
not draw any conclusion on the relative effectiveness of the
radioiodines and x-rays in humans.

In view of this situation, we have decided to assign an uncer-
tainty of a factor in the range from 0.3-to-l to the effectiveness
of the radioiodines in the production of thyroid nodules and thy-
roid cancers, relative to the corresponding effectiveness of
x-rays per rem.

The mortality rate from radiation-induced thyroid cancer
seems to be quite low, but the mortality rate from spontaneous
thyroid cancer for persons less than 45 also seems to be quite
low —96% 5-year relative survival rate (NCI, 1972, p. 164).
The best-studied populations, the Rochester group which re-
ceived thymus x-ray irradiation as children, and the Marshal-
lese children who were exposed to fallout in 1954, are still
typically in their 30s and early 40s. Beyond age 45, the mor-
tality for "spontaneous" thyroid cancer not attributable to ra-
diation increases, and the age-averaged 5-year relative surviv-
al rate is reduced to 84% (NCI, 1972, p. 162). (Data for pa-
tients diagnosed during the later period 1965-1969 are also
given in the same reference —but not broken down by age and
with no five-year relative survival rate. The three-year rela-
tive survival rate has improved, however —from 85%%u& to 88%.)-

D. Land and property contamination

A reactor accident on the scale of the reference accident
would result in contamination of land and property. Public au-
thorities would have the problem of setting action thresholds
for the evacuation (and later the return) of populations, for con-
demnation of crops and milk, for decontamination efforts, etc.
There are several pathways by which radiation can affect the
population:

~direct gammas from radionuclides which have plated out on
the ground and onto or inside buildings;

~resuspension and inhalation of radioactive material;
~ ingestion of agricultural products produced on contaminated

land
~consumption of contaminated water.

We discuss some of the more important pathways below.
It will turn out (Table XLI) that iodine is the dominant source

of direct radiation initially following an accident. To calculate
the dose over longer periods, we need to know the effective
half-life of the radionuclides, as natural attrition rates may be
greater than the radioactive decay rate of the long-lived iso-
topes of concern here. Over the long term, cesium dominates
the external gamma dose. We describe this calculation in some
detail, as we regard it as an important omission from Draft
WASH-1400.

Draft WASH-1400 suggests taking as an evacuation threshold
an integrated whole-body dose of the order of 10 rem over the
first year of exposure. The corresponding contamination levels
for agricultural land and property are given (Draft WASH-1400,

TABLE XXXVIII. Some man-rem dose-effect coefficients for
delayed effects (per million person rem).

6. Genetic defect dose-effect coefficients

"We take the risk of chronic radiation at low doses relative
to the spontaneous mutation rate to be 0.005 to 0.05 per rem.
The information on the radiation-induced effect comes almost
entirely from mouse data. " (NAS, 1972, p. 59.) "The current
incidence of new known dominant genetic defects is estimated
at about 2,000 per million live births" (NAS, 1972, p. 54).

We will assume that the genetically effective man-rem are
equal to half the whole-body dose, since only the radiation re-
ceived by individuals prior to procreation will be effective.
The increased number of added genetic defects per million
whole-body man-rem (scaled from mouse-rem) will, therefore,
be 5 to 50. Each of these dominant genetic defects is assumed
to have an average persistence of five generations (NAS, p. 23).
Multiplying by this factor would give 25 to 250 additional genet-
ically defective persons per million whole-body man-rem.
(This may overstate the perceived costs, since a defect ex-
pressed in the fourth generation might be discounted substan-
tially in present value. ) To this must be added 12.5 noninherit-
able congenital anomalies and 42 spontaneous abortions (NAS,
1972, p. 55). The NAS report also speculated concerning the
possible genetic component of constitutional and degenerative
diseases and general ill health, expressing concern that "there
is danger that the previous sections, by concentrating only on
fairly-well-defined genetically-associated diseases, have dealt
with only the exposed part of the iceberg" (NAS, p. 56). An
estimate of 0-50 additional constitutional and degenerative di-
seases is offered, per million, whole-body man-rem with an
average persistence of 10 generations, hence 0-500 total extra
constitutionally or degeneratively diseased persons (an average
100 years hence), (NAS, 1972, p. 57).

In Table XXXVIII we summarize the numbers discussed above
for the man-rem effects.

A. Whole body effects
About 130
25—250

12.5
0-500

Cancer deaths
Persons with identifiable domi-
nant genetic defects over an
average of five generations
following exposure
Noninheritable congenital defects
Total extra constitutionally or
degeneratively diseased persons
over an average of ten genera-
tions following exposure
Spontaneous abortions

B. Lung dose effects
0.6-1.6

C. Thyroid dose effects
Children under 10
0.5 -3.0

11 -52

Adults (persons over 10)
0.5 '-3.0

Cancer deaths per year for the
period 5 to at least 27 years
following exposure

Cancer cases per year from 5
years till at least 30 years
following exposure. (times
about 0.04 for mortality during
this period)
Cases of thyroid nodules per
year from 5 years till at least
30 years following exposure

Cancer cases per year from 5
years till at least 25 years
following exposure. (times
about 0 15 for mortality)

~ (The lower value would hold if ~3~I were rem-for-rem 0.3
times as effective in producing thyroid cancer than x rays. )
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Appendix VI, p. 66) as shown in Table XXXIX. Of course, the
"allowable dose" might be saturated by any one of these isotopes
at its threshold level —if two or more are important, the thresh-
olds for particular isotopes may be reduced.

In order to estimate damage from this contamination, we must
know the duration of exposure. There is some evidence on the
persistence of Sr and ~Cs in soil from the study of fallout
from atmospheric nuclear tests (UNSCEAR, 1972). For ~ Sr
availability to crops, the natural half-life in soil is quoted as
5 to 7 years (p. 45). For Cs it is stated that "The transfer
from deposit to diet is normally characterized by high uptake
during the first years after deposition and by relatively small
uptake subsequently" (p. 52). External radiation from ~Cs is
of concern also, however, because of the associated gamma
emission (the average gamma energy is 0.66 MeV; ~Sr emits
only betas upon decay). For the purposes of this external ex-
posure the U. N. report quotes an empirically determined two-
component dose rate:

D(t) = 0.12 [0.63 exp(-1.15 t) + 0.37 exp( —0.03 t)]

(rad in air/year)/(pcuries/m~), t in years, (p. 55). (AII.23)

At time t =0 this dose rate of 0.12 rad per year compares with
the value derivable from Table XXXVII (0.148 rem/year, which,
however, is taken at 5 cm tissue depth). The time constant in
the first term is due to the rnovernent of the 3 Cs deeper into
the soil with the result that the gammas are somewhat atten-
uated. The second time constant, however, corresponds rough-
ly to the natural decay half-life of 137-Cs. Equation AII.23 indi-
cates, therefore, that leaching into the soil will reduce the dose
rate by a factor of three after two years or so, but that at least
some of the - Cs becomes fixed in the soil and its residence
half-life becomes comparable with its decay half-life. Equa-
tion AII.23 integrates to an infinite-time dose in air of 1.55 rad
per microcurie per square meter.

If we take the contamination threshold level for 1~7Cs at which
evacuation is made to be 100 microcurie/m2 as given in Table
XXXIX, then the dose rate in air will be initially 12 rad/year
and the integrated dose will be approximately 155 rad. This
dose will be reduced by the shielding effects of ground rough-
ness and buildings and by the fact that in built-up areas much of
the contamination might be washed away. On the other hand, in
built-up areas, the portion of the aerosol not washed away will
also not be shielded by a layer of soil. Small aerosol particles
can become quite strongly bound to surfaces by van der Waals
farces. IJ. W. Healy of Los Alamos in an unpublished paper
"Nuclear Reactor Accident-Damage Assessment, Draft" dated
1966, (quoted in Draft WASH-1400, Appendix VI, as Ref. 41)
cites a decontamination factor of only 0.7 for the removal of
fallout from a sea detonation of a nuclear weapon by the fire-
hosing of an asphalt road in Naval Research Laboratory tests. ]
Aerosol particles adhering to walls, roofs, and internal sur-
faces cauld also result in "antishielding" effects for the occu-
pants relative to radiation from a uniform deposition on a flat
open area, . On the other hand, since Cs salts are highly soluble,
rain will-4each some cesium from exposed surfaces. A detailed
analysis supported by experiments is obviously called for in
order to obtain a better estimate. The U. N. report assumes
that the average shielding factor for whole-body dose from
ground contamination by 13~Cs is 0.4, and far dose to the gonads
0.32. We shall, therefore, use the same shielding factor as
Draft WASH-1400 (Appendix VI, p. 58)—0.33, so that the inte-
grated shielded dose from 13'Cs is 0.52 rad per microcurie/m2.

For Sr, the integrated dose from the atmospheric testing of
nuclear weapons via the milk pathway (associated with popula-
tion-weighted fallout of 0.0584 microcurie/m~) has been com-
puted as 0.045 rad to the bone marrow in the northern hemi-
sphere (UNSCEAR, 1972, p. 92). For a population consuming
milk from an area contaminated with ~ Sr up to the maximum
value assumed allowable (before diversion of supply) in Draft
WASH-1400, 2 microcurie/rn, the corresponding integrated
dose to the bone marrow would be about 2.6 rad.

TABLE XXXIX. Land contamination thresholds.

Isotope Half-life

Use for human
occupat ion

(micro curie/m )

.Use for
agr iculture

(micro curie Jm )

"Sr
"Sr

1.31I
134Cs
seCs

137Cs
144Ce
238Pu
238Pu

0.14
27.7
0.022
2
0.035

30
0.7. 8

86.4
24 390

50
20

1000
20

200
100
500

0.5
0.2

10
2
5

10
100

20
100

0.2
0.1

E. Consequence calculations

1. Introduction

Calculations of the potential consequencies of a major nuclear
reactor accident have been undertaken by the AEC on three dif-
ferent occasions, in 1957, 1965, and 1974.

8. 1957StLldy

In 1957, the AEC released a study entitled Theoxetica/ Pos-
sibilities and Consequences of Majox Accidents in I.ange Ku-
cleax P/ants {AEC, WASH-740, 1957). A 500 MWt reactor was
considered. The accident was assumed to occur 180 days after
the reactor was loaded with fresh fuel. Two different popula-
tion distributions were assumed, along with various meteoro-
logical conditions, three different degrees of fission product
release, two different temperatures for the released plume,
and two different particle sizes for the released aerosol. Only
immediate health effects were considered —i.e., not cancer or
genetic effects. A very large range of consequences was cal-
culated —ranging from zero effects on health for even the larg-
est release (if the plume is assumed to rise thousands of feet
off the ground due to heat buoyancy effects) to 3400 deaths and
43,000 injuries (for the release of 50% of the fission product
inventory in the form of an aerosol with average diameter of
one micron in a cold ground-level plume released under inver-
sion conditians. ) Similarly, the property damage ranged from
negligible to a long-term (months or more) evacuation of 760
square miles and restrictions on agriculture over an area of
150,000 square miles.

b. 1965study

Many of the assumptions made in the 1957 study were very
rough. In 1965 an effort was, therefore, mounted to improve
it. After drafts of the new report had been circulated for re-
view within the AEC and the industry, however, the decision
was made to abort the study. In 1973 the draft became publicly
available as a result of a freedom-of-information suit. The
draft report concluded that: "In the highly unlikely event of a
major reactor accident, we have found no reason to believe that
the extent of radiation damages would be any less than those
estimated in WASH —740:. conceivably the damages could be sub-
stantially greater" (AEC, WASH-740 update file, document
113, p. 5). Reasons cited for the increase in the upper limit of
the damage spectrum were increased power levels and fuel life
in reactors, more restrictive personnel-exposure and contarni-
nation criteria, and the expected trend toward reactor siting in
metropolitan areas. An effect working in the opposite direction
(i.e., toward lower consequences) was data on fission-product
release which indicated that the 50% release model in the 1957
study was unrealistically high.
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The authors of the 1965 study draft drew attention to the basic
dilemma which faced them in conducting the risk assessment
for nuclear reactors:

"Operational reactor safeguards would reduce the ra-
diation damages resulting from accidents of all types
and especially of the most catastrophic ones. However,
from an analysis of safeguards now available, it cannot
be assumed that these safeguards would be 100 percent
effective in every circumstance.
"It should be pointed out that analysis of a major acci-
dent involving the juxtaposition of the most pessimistic
values of e&e&y one of the numerous parameters leads
to enormous potential damages. This amounts to tak-
ing full account of developments which tend to increase
potential damages while discounting safeguards com-
pletely. Estimates of damages arrived at in this man-
ner, without regard for improbability, must inevitably
be unrealistic, but the only course available for a con-
sistent study (AEC, WASH-740 update file, document
113, pp. 5—6).

c. 1974 study

In 1974 the AEC issued a draft report, "Reactor Safety Study:
An Assessment of Accident Risks in U. S. Comme@zeal Nucleax
Posse+ Plants, " (Draft %ASH —1400) which for the first time at-
tempts to calculate the probabilities of accidents as well as
their coDsequences. It concludes that the probabilities of the
largest accident consequences calculated in WASH-740 are ex-
ceedingly small. The probability of a core meltdown is calcu-
lated to be of the order of 10 per reactor year (Appendix VI,
p. 9) but it is calculated that in only one in 100,000 of these
meltdown accidents (so 10 ~ per reactor year) does the number
of immediate deaths approach 3,000. Long-term evacuation of
more than 100 square miles is calculated as necessary only
once in every 30 meltdowns.

In this section we will not discuss the probabilities calculated
in Draft WASH-1400, but we will discuss the assumptions on
which some of the consequences have been calculated. We will
concentrate in particular on the man-rem effects (i.e., cancer
and genetic defects) and land-contamination effects, since they
are 'fess sensitive to details of the meteorological conditions
and close-in population densities than are immediate deaths.

2. Man-rem doses —comparison with wedge model
calculations

For specificity we consider the fission-product release char-
acterized in Draft WASH-1400 as the "Reference Accident. "
(See Table XL.) This release (also denoted as P%R2) is as-
sumed to result from an accident at the large P%R reactor de-
scribed in Table XXXIII above and is described in Draft %ASH—
1400 (Appendix VI, p. 10) as follows:

This category includes failure of core cooling systems,
and core melting concurrent with a loss of containment
spray and heat removal systems. Failure of the con-

TABLE XL. Fission product releases in Draft WASH-1400
reference accident (Appendix VI, p. 9).

tainment barrier occurs through over-pressure causing
a substantial fraction of the containment atmosphere to
be released in a "puff" from containment.

This release is estimated in Draft WASH —1400 to occur with
an average'probability of about six percent in all P%'R meltdown
accidents (Appendix VI, p. 9). The quoted uncertainty on the ab-
solute probability is a factor of 10 (Summary, p. 124), and it is
argued that upgraded maintenance procedures could reduce the
average probability by a factor of five (Appendix V, pp. 76-78).
This release category is exceeded in severity only by the re-
lease associated with a steam explosion which causes the con-
tainment to fail.

We have used our simplified wedge model to make the same
man-rem calculation as Draft WASH —1400 for the reference
accident release using the parameters from Draft WASH-1400
given in Table XLI. The radial integral cutoff, the shielding
factor, the release time, and the deposition velocities are iden-
tical to the values stated in Draft WASH-1400, Appendix VI;
the other parameters represent weighted averages of the cor-
responding parameters used there. (See Draft WASH-1400,
pp. 15-21.) In calculating the whole-body dose, the authors of
Draft WASH —1400 make an additional approximation of truncat-
ing the time integral for the gamma dose from ground contami-
nation at one day. We shall see that this results in the neglect
of an important fraction of the long-term damage to health and
life.

The whole-body doses obtained from the wedge model calcula-
tion with these approximations are shown in Table XLII and
compared with the available Draft WASH-1400 results. It will
be seen that the population doses computed from the wedge
model are in good correspondence with the corrected Draft
WASH —1400 results (except that Draft WASH-1400 does not cal-
culate the long-term ground dose). 28

Draft WASH —1400 also gives the contributions to whole-body
dose of various elements (Appendix VI, p. 81). We list these
values also in Table XLII along with the corresponding results
obtained from the wedge model. It will be seen that the agree-
ment with the corrected Draft %ASH-1400 numbers is again
quite reasonable. The only important discrepancy occurs in
the case of iodine which also dominates the short-term ground
doses calculated from the wedge modef. (This may be due to a
poorer approximation to Gaussian plume models by the wedge
model for the uniquely high deposition velocity assigned to io-
dine in Draft WASH-1400. )

One additional comparison which is possible is that between
the wedge model result and the Draft WASH —1400 result in the
case of the average value of the 30-day lung population dose for
P%'R2. Again, the results are shown in Table XLII and the
agreement is quite reasonable.

In Draft WASH-1400, partial evacuation is assumed within a
20-mile radius of the reactor. This has been ignored in the
wedge model. In order to test the sensitivity of the wedge mod-
el to such an evacuation, we have overstated the effects of evac-
uation by setting the population to zero within the 20-mile radi-
us. Overall, total evacuation within 20 miles reduces the
whole-body dose computed from the wedge model by 8% (in
comparison to 6 percent in the Draft %ASH-1400 calculation,
Appendix VI, p. 81).

Principal chemical groups

Noble gases
Iodines
Cesiums
Tellur iums
Alkaline earths
Volatile oxides
Nonvolatile oxides

Fractional release to atmosphere
from core

0.9
0.7
0.5
0.3
0.06
0.02
0.004

3. Sensitivity to changes in assumptions

The above results establish the wedge model as a useful —al-
though not perfect —device for testing the sensitivity of the

It should be noted, however, that the population density as-
sumed in Draft WASH —1400 averages 165 per square mile
(NRC, 1975a), while our detailed calculations are for 300 per
square mile. See Footnote 15 (Sec. V.I.1) for a more extensive
discussion of this point.
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TABLE XLI. Wedge model calculation of average Draft
WASH-1400 reference accident population dose assumptions.

TAB LE XLI. (Continued)

Wind speed (u)
Inversion height (H)
Plume angular width (0)
Deposition velocities (v&)

Iodine s
Noble gases
Other isotopes

Uniform population density
Cutoff on radial integrals
Shielding factor for ground and

cloud dose
Time between shut down of fission

and release

Isotope

131I
132I

133I
134I
135I

128Te
129T
131Te a

132Te
34Cs

136Cs
137Cs

Mo
"Tc

1038u
"'Ru

Ru

14OB

89Sr
80Sr
91Sr
90~
81y
85zr
87Zr

Nb
140L
141Ce

Ce
144C

"'I r
147Nd

'47Pm
"'Pm
"'Pu
239Pu

Total

50y
whole-

body

0.487
0.002
0.107
0.000
0.017
0.000
0.059
0.008
0.247
0.217
0.071
0.426
0.007
0.000
O.OOV

0.000
0.005
0.000
0.296
0.343
0.318
0.003
0.000
0.023
0.046
0.000
0.010
0.001
0.005
0.001
0.131
0.003
0.001
0.002
0.000
0.265
0.029

30d
lung

3.94
0.01
0.95
0.00
0.12
0.00
1.44
0.12
3.90
0.20
0.19
0.47
0.13
0.00
0.33
0.00
0.41
0.01
5.01
2.32
0.27
0.04
0.00
0.21
0.22
0.01
0.08
0.03
0.07
0.02
0.44
0.07
0.02
0.00
0.00
0.02
0.00

21.1

50y
lung

3.94
0.01
0.95
0.00
0.12
0.00
2.62
0.12
3.91
0.20
0.19
0.48
0.13
0.00
0.66
0.00
1.95
0.01
5.97
5.19
1.59
0.04
0.00
0.53
0.58
0.01
0.08
0.03
0.12
0.02
1.97
0.09
0.03
0.02
0.00
0.32
0.03

31.9

B. External gamma doses

Isotope Cloud dose

A. Population doses from inhalation
(106 man-rem)

3.5 m/sec
1100 m
0.25 radians
cm/sec
0.5
0.0
0.2
300 mi 2

500 miles

2.5 hours

GI tract

0.21
0.03
0.41
0.04
0.13
0.00
0.74
0.39
6.93
0.01
0.01
0.Ol
0.32
0.0
0.20
0.00
0.19
0.03
2.26
1.34
0.05
O.17
0.00
0.11
0.06
O.07
0.03
0.10
0-.--03

0.05
0.22
0.06
0.02
0.00
0.Ol
0.00
0.00

14.2

187 218

57 59

244 277

Ground dose

Thyroid (age)
(0-9) (10)

Isotope Cloud dose
Ground dose

(1 day)
Ground dose

(Total)

132I
133I
134I
135I

Kr
"Kr
88Kr

"'Xe
'"Xe
128Te
128Te
131Te a

132Te
134Cs
136Cs
137Cs
"Mo
88Te a

"'Ru
"'Ru
"'H,u
1053h
140Ba

"Sr
"Sr
91Sr
90~
91g
"zr
"zr

"'La
141Ce
143Ce
144C

143Pr
147Nd

'"Im
"'Pm

Pu
238Pu

0.009
0.033
0.002
0.036
0.000
0.004
0.013
0.025
0.002
0.000
0.000
0.006
0.009
0.00-2

0.009
0.003
0.001
0.000
0.001
0.000
0.000
0.000
0.004
0.000
0.000
0.002
0.000
0.000
0.001
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.02
0.332
0.002
0.184

0.000
0.002
0.020
0.054
0.014
0.052
O.016
0.004
0.000
0.008
0.000
0.000
0.000
0.024
0.000
0.000
0.006
0.0.-00

0.000
0.004
0.002
0.002
0.006
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.02
0.60
0.00
0.10

~ ~ ~

0.00
0.14
0.04
0.28

15.Ob

1.0
6O'
0.02
0.00
0.52
0.00
0.38
0.00
0.44
0.00
0.00
0.01
0.00
0.00
0.38
0.00
0.02
0.02
0.02
0.00
0.06
0.00
0.00
O. 00
0.00
0.00
0.00

Total 0.019 about 80

C. 30-day lung doses

Wedge model result

21.1

Draft WASH-1400 result

15

But see (NRC, 1975b).
The Cs dose is calculated with an attrition as represented

for 137Cs by Eq. AII-23 and with that initial dose rate per
microcurie/m for 7Cs. 13 Cs dose uses the same attrition
(accelerated by the 2-year half-life) but the initial dose rate is
taken as 0.36 rad/yr. per microcurie/m2, in view of the total
1.58 MeV gamma ray energy vs. the 0.66 MeV gamma ray for
'"Cs.

131I 0.025 0.35 4.24
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TABLE XLII. Comparison of Draft WASH —1400 reference accident population doses with corresponding wedge model results
(millions of man-rem).

A. Total whole body doses

Wedge model Draft WASH —1400

Inhalation dose
Cloud dose
1 day ground dose
Long-term ground dose

3.1
0.19
1.1

80.0

2.9 9 R

O. 09 0.16
0.13 0.46
(Not calculated)

B. Contributions to whole body doses from particular elements

Element
(clas ses) Inhalation

Wedge model results
Ground
{1day) Cloud Total

Draft WASH —1400 results

Total

Kr
Sr+ Ba
Ru+ Mo+ Tc+ Rh
Te
I
Xe
Cs
Ce
Pu

0.96
0.019
0.314
0.613

0.715
0.137
0.294

0.03
0.012
O. 076
0.888

0.082
0.000
0.000

O. 017
O.006
0.002
0.015
0.08
0.027
0.014
O.000
0.000

0.017
0.996
O.033
0.405
1.581
0.027
0.811
0.137
0.294

0
0.85
0.14
0.22
0.33
0.01
0.65
0.12
0.26

08
1 1
0.03
0 31 R

0.82
0 8

0.7 ~

0.12
0.26

Corrected for programming and other errors (NRC, 1975b).
Listed in Draft WASH —1400 as dose for Sr alone.
Listed in Draft WASH —1400 as dose for Ru alone.

Draft WASH —1400 results to the variation of different assump-
tions. We consider the effects of these variations below:

a. 500-mile cutoff

Integrating the whole-body population dose to infinity rather
than merely to 500 miles increases it by approximately a factor
of 2.1 (still assuming average population density of 300 mi ).
(The corresponding factors for cloud and long-term ground
doses are 1.3 and 3, respectively. The factors for the GI tract,
thyroid, and long-term lung doses are 1.3, 2, and 2.3, respec-
tively. ) This is not consistent with the statement in Draft
WASH-1400 (Appendix VI, p. 53) that "An analysis showed that
there was only a very small contribution to the man-rem doses
beyond this distance. "

This result does not necessarily mean that the Draft WASH—
1400 results should be doubled for this reason. For most cur-
rent reactor sites it appears to us quite probable that beyond
500 miles the plume would be over a region of population den-
sity which is low in comparison to that assumed here (300/mi2)
or over the ocean. On the other hand, these results do indicate
that it may be quite difficult to site a reactor so remotely as to
reduce the average expected population dose from a major re-
lease of radioactivity by as much as an order of magnitude.

b. HIgher release fractions

Meltdown release fractions for the volatile and nonvolatile
oxides much higher than those assumed for the reference acci-
dent are compatible with the experiments cited in Draft WASH-
1400 (Appendix D of Appendix VII). To determine the sensitivity
of the consequences to those assumptions, we have considered
a case for which the release fractions of the volatile and non-
volatile oxides increase to 50% and 2%, respectively, from the
values given in Table XL. This is probably near the upper limit
of the range allowed by the experimental data. The result is to
increase the Draft WASH-1400 whole-body dose by a factor of
1.8, the long-term ground dose by a factor of 1.1, the 30-day
lung dose by a factor of 2.2, the long-term lung dose by a factor
of 3.5, and the GI-tract dose by a factor of 2.5.

c. Truncation of timei ntegrals

In the absence of contrary evidence, the probability of cancer
induction is ordinarily assumed to be proportional to the total
integrated radiation dose. The long-term integrated dose was
calculated in Draft WASH —1400 for the whole-body inhalation
dose and for the thyroid, GI-tract, and cloud doses (which by
their nature are given over relatively short periods) —but not
for the lung doses and ground doses.

It may be seen from Table XLI that the long-term lung dose
is in the wedge model increased by approximately a factor of
1.5 relative to the 30-day dose. For the ground dose (relative
to the one-day dose) the effect is much larger —by a factor of
70.

Draft WASH-1400 integrates the ground dose only for the first
day because "people will be evacuated from highly radioactive
areas" (Appendix VI, p. 58). Elsewhere the assumed threshold
for evacuation action in the case of contamination by 3~Cs is
taken to be at a contamination level of 100 microcurie/m (see
Table XXXIX). In the wedge-model approximation, the average
level of land contamination w.ill fall below this threshold value
at a distance of approximately 37 miles. This corresponds to
an average contaminated land area in the sector within this ra-
dius of 170 mi . The corresponding figure is not given in Draft
WASH-1400, but, in Appendix VI on p. 79, the average land
area contaminated at the probability level assigned to the PWR2
release (5 X10 per reactor year) is shown as about 30 mi . At
a probability of 10 the area is shown as about 3 mi and at a
probability of 10 6 per reactor year, the contaminated area
shown as 200 mi2. In all these cases (with a plume width of
0.25 radians) the area contaminated above evacuation threshold
has a radius of less than 40 miles. Within this limited area the
long-term integrated population ground dose —as calculated by
the wedge model —accounts for less than 10 percent of the total
population dose integrated out to 500 miles. Thus evacuation of
the regions deemed "highly radioactive" in Draft WASH-1400
does not prevent most of the long-term population exposure.

It is possible that one might evacuate out to a greater dis-
tance, but a rather delicate cost-benefit calculation would be in-
volved, in which the benefit would be the elimination of the
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small increased individual possibility of cancer death for many
individuals and the cost would be the loss of land and buildings
for some years or decades. At a level of ~3~Cs ground contami-
nation of 100 microcurie/'m we get from Eq. AII.23 a lifetime
dose of 155 rem without shielding, or 52 rem with the assumed
shielding factor of 0.33. (The long-term ground doses calcu-
lated in Table XLI were calculated using the prescription of
Eq. AII.23 for ~37Cs and an analogous form for ~34Cs. ) Using the
whole-body cancer death coefficients in Table XXXVIII, we see
that the associated lifetime cancer death risk from remaining
on the land at this contamination level would be about 0.7%. For
a person. at 250 miles, where the integrated population dose has
reached one-half the 500-mile value, the additional cancer
death risk is about 0.1 /~, and the average area which would
have to be evacuated to avoid that level of risk has increased to
almost 8000 mi~. The authors of Draft WASH-1400 assign an
average value of $2000/acre (or about $4000/person for an
average population density of 300/mi2) or a value of $10 billion
for 8000 mi2. On an individual basis, therefore, the average
person (living in the area contaminated by the plume from such
a severe accident) would be faced with the choice of a $4000
dollar loss or an extra probability of the order of O.l percent
of dying of cancer. For society, the choice would be between
of the order of 10,000 additional eventual cancer deaths (in ex-
cess 0f the 2,000,000 or so which will occur in the same popula-
tion from causes having nothing to do with nuclear reactors)
and the long-term evacuation of $10 billion worth of land and
property ($1,000,000/death avoided) —and the decision would
still only involve the avoidance or acceptance of one-half the
total population dose from ground contamination.

We have thus far left out a third option —that of decontamina-
tion of thousands of square miles —or at least of the more popu-
lated areas within the larger area. Unfortunately, there is not
adequate information on which to base estimates of the costs or
effectiveness of various decontamination procedures. [In Draft
W'ASH —1400, Appendix VI, the statement is made that "a rea-
sonably extensive effort, which may take a few weeks to 3 or 4
months, should be capable of a decontamination factor of be-
tween 10 and 200 or more, " and reference is made to "J.W.
Healy, Los Alamos Scientific Laboratory, internal publication. "
The document cited: "Nuclear Reactor Accident-Damage As-
sessment, Draft" (Healy, 1966) does not support this assertion.
Since the paper is an unpublished draft, we will not discuss it
further here. ] Work on this subject should be pursued —not only
to establish costs, but also to establish the effectiveness of
various decontamination techniques. The provision of additional
shielding shouM also be considered.

5. Man-rem consequences

give approximately 25, 000 thyroid nodule cases.
In Table XLIII, we summarize the effects on the Draft WASH—

1400 man-rem consequences of various changes in the assump-
tions used there. The changes which we discuss are motivated
by the preceding discussion.

From Table XLIII it will be seen that the average conse-
quences of the reference accident assumed in Draft WASH-
1400 can be much larger than calculated there.

It should be apparent to the reader that there are many uncer-
tainties in the calculation, but the additional effects which we
have pointed out:

~whole-body dose from long-term ground contamination,
~ lung cancer froxn lung beta-dose, and
~ thyroid cancer deaths from thyroid doses

should be discussed in any comprehensive study of reactor acci-
dent consequences. Moreover, the effect of the uncertainties of
the parameters which we have considered should also be dis-
played-

~ child thyroid-dose conversion factor,
~ cancer dose-effect coefficients,
~ radionuclide release fractions from the melt, and
~genetic-consequence dose-effect coefficients.

We have not discussed here all the uncertainties in the calcu-
lation of the consequences of the Draft WASH —1400 reference
accident. It would appear that more effort is needed in the ex-
ploration-of-consequences calculations before we can be cer-
tain that all important effects have been considered. The par-
allel and difficult task of narrowing the ranges of uncertainties
of the important parameters should also be undertaken. Be-
cause the art of consequence modeling appears to be at such a
rudixnentary level of development, our results should not be
regarded as definitive. We hope that we have contributed by
having pointed out the importance of some of the effects which
were not included in the calculation of Draft WASH —1400 and
some of the uncertainties in the paraxneters used there.

6. Other accident release categories

The reference accident radionuclide release fractions indi-
cated in Table XL are associated with a particular accident
scenario: "failure of core cooling systems, and core melting
concurrent with a loss of containxnent spray and heat removal
systems. Failure of the containment barrier occurs through
overpressure. .." (Draft WASH —1400, Appendix VI, p. 10).
The authors of Draft WASH —1400 conclude that this release
scenario will occur in about 6/0 of all core melts (ibid, p. 9).
Both larger and smaller releases are postulated as possible.

For the reference accident which we have been discussing,
Draft WASH-1400 obtains an average number of delayed deaths
due to cancer of 310 (3.1 x106 whole-body man-rem times 100
cancer deaths per 106 whole-body man-rem). Other conse-
quences considered, but not explicitly calculated, for this re-
lease are genetic defects, which mould also total 310 (100 ge-
netic defects per 106 whole-body man-rem), and thyroid nodules.
The average thyroid population dose associated with the refer-
ence accident release is not given in Draft WASH-1400, so we
will use the wedge model result in Table XLI (244 x106 thyroid
rem for children under age 10) in order to estimate the dose
Draft WASH-1400 should kave calculated„For this comparison,
the wedge model result should be reduced by a factor of approxi-
mately 3.5 because of the difference between the AEC assump-
tions for child thyroid dose conversion factor and breathing
rates and the EPA numbers which we have used —see the dis-
cuss~on In connect~on with Table XXXVI. The resulting thyroid
population dose is then 70 x106 child thyroid rem which, when
multiplied by the Draft WASH-1400 thyroid-nodule case proba-
bility of 333 per 10 child thyroid rem (Appendix VI, p. 54) would

a. Steam explosions

The largest release of radionuclides is postulated to occur if
a substantial portion of the molten core falls into a pool of
water at the bottom of the reactor pressure vessel and causes
a steam explosion violent enough to rupture the pressure ves-
sel and the containment, and to disperse a portion of the core
and its radioactivity as an aerosol into the atmosphere. The
authors of Draft WASH —1400 assign the probability of such a
steam explosion as one percent per reactor core meltdown,
but this probability is repeatedly acknowledged by the authors
to be a highly subjective judgement based on inadequate know-
ledge of the phenomena involved and uncertain by at least an
order of magnitude. {Appendix VIII, pp. 27-29. A review of
industrial accidents and experiments involving steam explo-
sions is contained in Appendix B of Appendix VIII.) Obviously
this is a subject in urgent need of research, especially since
there may be ways to reduce the probability of steaxn explo-
slons ~

Rev. Mod. Phys. , Vol. 47, Suppl. No. 1, Summer 1975



APS study group on light-water reactor safety

TABLE XLIII. Effect of changed assumptions on Draft WASH —1400 reference accident average man-rem consequences.

Assumption change Relative effect Total effect

A. Cancer deaths

1. Truncation of ground dose at one day. . . to. . . no truncation

2. 100 cancer deaths/(10 whole body rem). . . to. . . (about 130) (106
whole body rem)

3. Neglect of cancer induction from lung dose. . . to. . . (20—50)/
(10 lung rem) over 40 years following exposure

Factor of about 25 '

Factor of 1.3

Not calculated in
Draft WASH —1400

10 000 cancer deaths
instead of 310 cancer
deaths

Add 600=1600 lung cancer
deaths during following 40
years

4. Neglect of deaths from beta —ray induced thyroid cancer. . . to. . .
(12—75 thyroid caneers)/(106 thyroid rem) over 30 years following
exposure, use range of AEC-EPA conversion factors, assume
4% mortality for persons exposed as children, 15% for persons
exposed as adu1ts.

B. Morbidity

1. Show full range of uncertainty of thyroid exposure-dose and dose
consequence coeff icients

Not calculated in
Draft WASH —1400

Factor of 0.9-12.0

Add 500—4000 thyroid
cancer deaths in 30 years
following exposur e

22 500-300 000 thyroid
nodule cases instead of
25 000 (our estimate —not
explicitly stated in Draft
WASH-1400)

C. Genetic defects

1. Truncation of ground dose at one day. . . to. . . no truncation

2. (100 genetic defects)/(10~ whole-body rem). . . to. . . (25-250
identifiable dominant genetic defects and 12.5 non inheritable
genetic defects/(106 whole-body rem). Not included are 0-500
additional constitutional or degenerative diseases/(106 whole-
body rem)

Factor of about 25

Factor of 0.4-2.5 in
genetic defects

3000—20 000 genetic defects
instead of 310 genetic
defects

It is essential to note that these incremental cancer deaths and morbidity would occur over natural lifetimes of a very large ex-
posed population. These calculations are based on a population density of 300/mi2 which results in an exposure of a population of
about 10 million. A population density of 165/rni would multiply all total consequence estimates by 0.55 (see footnote, page V-59).
Independent of assumed population density, there would be an additional risk of cancer to the average exposed individual of one
chance in a thousand, with the risk distributed over a substantial fraction of his natural lifetime.

b. Afelt-through

The authors of Draft WASH —1400 judge that for a PWB melt-
down, the most probable release is much less than occurs in
the reference accident, because they expect that 85/0 of the
time the containment wouM not fail until the core melted
through the base of the containment. (See Appendix VIII.)
Radioactive gases and aerosols would, therefore, not reach
the atmosphere until they had percolated through the soil to the
surface beyond the containment building. A reduction by a fac-
tor 100 to 1000, relative to the reference accident, in the at-
mospheric release of radionuclides is assumed to result for
all fission products (other than the noble gases) as a result of
the filtering action of the soil. The consequences are, there-
fore, expected to be relatively minor.

That the soil would do a substantial amount of filtering in
such a melt-through seems plausible, but we are concerned
about the possibility that blowouts or channeling might partially
short-circuit this filtration system. The driving forces which
could cause such a blowout are:

(1) the gas pressure within the containment which, it is as-
sumed, can rise to 100 psi in a PWB before the containment
fails above ground (Draft WASH-1400, Appendix VIII) and

(2) pressure pulses from steam explosions as the molten
core contacts water in the soil. (An explosion occurred when
molten steel fell onto damp ground at Armco Steel. in 1967. See
Draft WASH —1400, Appendix VIII, p. B-2.) These pressures
would have to work against the hydrostatic pressure of the
soil —about 33 psi for an average soil density of 118 1b/ft3 and

a depth of 40 feet (Draft WASH-1400, Appendix VII, Appendix
K). The authors of Draft WASH-1400 argue that channeling
will occur because "the interfaces between several layers of
different materials should act as crack arrestors. . ." (Appen-
dix VII, p. 54). However, it is our understanding that many
plants are based on alluvial material without such a layered
structure. Also, channeling might occur along the interface
between the cofferdain surrounding the containment building
and the soil. Before credit for ground filtration factors as
large as 100 to 1000 can be taken, these questions will have
to be addressed and reliably answered. It seems reasonable
that some credit for such filtration should be taken, however,
and that this protection could be augmented by attention to it
during reactor design and construction.

7. Property damages

We have thus far discussed the health consequences of land
contamination. However, contamination with radionuclides
can make land unsuitable for agriculture even if it is con-
sidered suitable for human occupation. In particular, Table
XXXIX indicates that the authors of Draft WASH —1400 have
suggested agriculture contamination thresholds, for 9 Sr and
~3~Cs respectively, 10 times and 5 times lower than for human
occupation. For the reference accident release the wedge mod-
el gives the corresponding average contamination threshold ra-
dius as approximately 160 miles. The area within this sector
is about 3200 mi2. Draft WASH —1400 does not give the corre-
Sponding cost numbers. It is stated there, however, that "The
area over which one year's crops would need to be monitored
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for possible confiscation is approximately 10 times larger than
the evacuation area" (Appendix VI. p. 77). We previously cal-
culated the evacuation area for the PWR2 accident to be ap-
proximately 200 mi2. We perform another check as follows:
In Appendix VI on p. 70 (Draft WASH —1400), two-thirds of the
cost of the "average accident" is attributed to land contamina-
tion. If this applies to the reference accident whose total cost
is given as $1.8 &10~, then land contamination accounts for
$1.2 &108 of damage. The authors of Draft WASH —1400 assume
a half-life for this land contamination of one year', indicating
that most of this land will be Out of use for only one year {Ap-
pendix UI, p. 66). For each year out of use up to 10 years they
assume a corresponding loss of about $1.3 &'105/mi2. The cost
$1.2&&10~, therefore, corresponds to the loss for one year of
approximately 10, 000 mi .

However, it should be recalled here that the natural decon-
tamination half-lives for crop-land contamination by ~oSr and
~3~Cs, for which we have found documentation (See Sec. V
above), are of the order of 5—6 years and a few years, re-
spectively (and not just 1 year). For the ~37Cs ground dose
the half-life is of the order of 10 years. The reference cited
in Draft WASH-1400 for the 1 year value used there does not
contain it. The damage estimates cited in Draft WASH-1400
should, therefore, probably be increased by corresponding
factors. The thresholds are so arbitrary and the possibilities
for land decontamination or reassignment so unevaluated, how-
ever, that we cannot here provide a definitive estimate. It is
apparent that more careful estimates must be made, and a
less dichotomous choice made between "agricultural use" and
"non-agricultural" use. For instance, one could grow timber
on some contaminated land, which would reduce its value, but
not to zero.

tation of this assumption —it seems to us to be somewhat large.
We have no alternate value to offer, but note that if R were re-
duced to 1 cm the leach rate would increase by two orders of
magnitude. It is important that a more refined analysis be
undertaken including a review of the appropriateness of using
the diffusion constant of basa. lt.

A serious problem with this analysis is that it neglects the
water contamination due to all of the radionuclides which were
assumed in another part of Draft WASH —1400 (see above) to be
released in gaseous and aerosol form from the melt. In some
cases, these gases and aerosols might well follow the core
through the base mat and be trapped in the soil around the
base of the containment. These aerosols are assumed to con-
tain about 6 percent of the core inventory of strontiums. It
seems likely that this fraction of these radionuclides will be
much more mobile than that trapped in the melt.

The movement of ~ Sr in ground water is likely to be retarded
by ion-exchange phenomena but its movement may be signifi-
cant. In a study of the ground water under the Idaho Chemical
Processing Plant at the Idaho National Engineering Laboratory
in Idaho it was found that 9 Sr injected into an aquifer through
a deep well had migrated approximately a kilometer in 8 years
(Robertson and Barraclough, 1973).

The average distance of a reactor from a nearby large body
of water assumed in Draft WASH-1400 (Appendix VII, p. 56) is
1500 feet. The above observations indicate that water-supply
contamination might be a very serious hazard in case of a re-
actor core meltdown. Obviously a more sophisticated treat-
ment of this problem is called for. The feasibility of measures
to mitigate ground water contamination, such as pumping the
water out and treating it or treating the soil-to reduce its per-
meability, should also be explored.

8. Ground water contamination F. Mitigating the consequences

Since reactors are typically located near the edges of rivers,
lakes, and estuaries and these bodies of water are often im-
portant sources of drinking water or food, the potential for
water contamination from a reactor accident becomes an im-
portant issue.

This problem has been discussed in Draft WASH —1400 Ap-
pendix VII, pp. 55-63. It is assumed there that the molten
core cools to form a cylindrical glasslike mass approximately
70 feet in diameter and 60 feet high in the ground beneath the
reactor containment. After the outside of the mass has cooled
below the boiling temperature of water, leaching is assumed
to begin.

The integrated diffusion out of a sphere of radius R of an ele-
ment uniformly distributed in the sphere with a diffusion coeffi-
cient D is given for small times by (Crank, 1956, p. 87)

Dt «2
Integrated Fraction Release =6 R2, t «D . (AII.24)

The authors of Draft WASH —1400 assume that the diffusion
constant for 8 Sr out of the glass corresponds to that measured
for basalt. The diffusion constants measured for basalt lie in
a range of approximately 10 ~6 to 10 ~4 cm2/sec. depending up-
on temperature (factor of 4 to 30 between 30 and 90 C) and
author (up to a factor 3) (Saidl and Rakova, 1966). The leach-
ing of Sr for the peak year (following the time at which the
cooling is sufficient for leaching to become significant) is cal-
culated in Draft WASH-. 1400 to be of the order of one part in
105. Using this value and a value of D =10 ~5 and t =3.15x 10~
seconds (1 year) in Eq. VI-1, we may obtain a rough estimate
of the equivalent radius used in Draft WASH-1400. We find
R =60 cm. This equivalent radius indicates to us that the auth-
ors of Draft WASH —1400 must have assumed that the cracks
in the melt caused by thermal stresses, inhomogeneities, steam
explosions, etc. during cooling had an average spacing of the
order of one meter. It would be appropriate to have documen-

The preceding discussion focuses on the consequences of a
reactor accident without considering how these consequences
might be mitigated. We are confident that methods could be
found to reduce some of these consequences substantially. We
discuss four possibilities here:

8. lod/ne b!ocklng

One method to reduce the uptake of radioiodine by the thyroid
already seems to have been rather well documented in a Civil
Defense study (Cole, 1972). It appears from this review that
the uptake of radioiodine by adult thyroids could be reduced
by an order of magnitude if a "blocking". or diluting dose of
100 mg or so of stable iodine were taken at the time of, or
within a few hours before, exposure. For an exposure stretch-
ing over days or weeks, further blocking doses could be taken
without a high incidence of serious side effects. Cole estimates
that enough 100-mg KI pills to provide a week's worth of block-
ing dosage for the entire population of the U. S. (six 100-mg
tablets per capita) would cost about $1 million. This would
obviously be cheap insurance if it would make possible a ten-
fold reduction of the tens of thousands of thyroid cancers and
nodules which might result from a major reference accident
type of release of radionuclides. How much reduction could
be achieved in practice would depend upon an assessment of
the potential thyroid radiation dose level at which the danger
of side effects exceeds the danger of the thyroid dose. In this
connection we note that the reference accident wedge-model
child thyroid dose 200 miles downwind is about 500 rem and
brings along with it (see Table XXXVIII) a probability of thy-
roid nodules of. 10 to 60%. (All the Marshallese and about one
third of the Rochester nodule cases were operated upon. ) It
seems likely that iodine blocking would be found beneficial out
to considerable distances. We believe that a national policy
of stockpiling thyroid blocking chemicals for possible emer-
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gency distribution should be established. More research will
probably be required to establish the appropriate dose and po-
tential side effects for children.

6. Oi versi on of contaminated food suppf les

Another mitigating effect has already been assumed through-
out our discussion above. This is that fallout-contaminated
food and milk would be diverted until its contamination had
dropped to low levels. Such diversion would not totally elimin-
ate the population dose from this source but using the contam-
ination thresholds set in Table XXXIX, we believe that the
long-term integrated dose via this route would be considerably
less than that due to direct gamma radiation from the contam-
inated ground. In the short term, however, and in the absence
of provisions for diversion, the ~3~I dose to the child's thyroid
via milk produced in the same area would be of the order of
50 times higher than directly through inhalation (EPA, 1973,
p. 127).

c. Oecontami naiton and evacuaiton

The major long-term contribution to population whole-body
dose would come from land contamination. We are convinced
that it is important to develop decontamination procedures
which could decrease this whole-. body exposure severalfold
and to establish improved guidelines for evacuation from con-
taminated areas. The level suggested in the Draft WASH —1400
study, 10 rem in the first year, is 20 times higher than the
maximum dose hich it is currently assumed permissible for
an individual member of the public to receive from peaceful
uses of atomic energy. This may be realistic in view of the
fact that the area which would have to be evacuated would go
roughly inversely as the square of the assumed contamination
threshold, but it is important that the question of evacuation
thresholds be addressed seriously and openly.

d. Air filtraiton

Immediate deaths would be expected to result primarily from
internal radiation doses received by persons within a few tens
of miles of an accident, after inhalation of the radioactive aero-
sol. The authors of Draft WASH —1400 assume that these con-
sequences can be substantially reduced by evacuation. How-
ever, rapid evacuation might not be possible in built-up areas,
and the advantages of the availability of improved air filtration
in large buildings and breathing masks in the neighborhood of
nuclear power plants might be considered. In view of the non-
linear dependence of immediate deaths on dose, a factor of 10 re-
duction in the inhaled dose could reduce the number of short-
term deaths by a far larger factor. Thus the possibility of re-
ducing acute effects to a far lower level by use of breathing
masks by the localized population exposed to the acute hazard,
should be investigated.

G. t mproved containment systems

The potential importance of improved containment concepts
will be obvious from the above discussion of the potential con-
sequences of an uncontained meltdown accident. Below we
briefly discuss some of the possibilities for such improvement
which we believe would be worth exploring.

1 ~ Controlled failure

Draft WASH —1400 assumed that the containment would ulti-
mately fail if the reactor core melts down. If failure did not
occur through overpressure, it would occur when the core
melted through the bottom of the containment shell, in a peri-
od of the order of a day (Draft WASH —1400, Appendix VIII).

The manner in which the containment failed, and the effective-
ness with which the fission products would be scrubbed out of
the containment before failure, are very important, however.
Thus if the containment spray system in a PWR worked as
designed, it would be expected to reduce the release of fission
products by an order of magnitude in a core-melt accident—
even if the containment were inadequately isolated. (See the
discussion in Draft WASH —1400, Appendix V—especially p.
147.) (A concern which we have been unable to resolve, how-
ever, relates to the ultimate fate of fission products which
have been scrubbed out into water. Is the water a final rest-
ing place, or is there a possibility that the water will be evap-
orated and the fission products become airborne once again'?)
Similarly, in PWR accidents where the containment might fail
due to melt-through by the core, rather than by overpressure,
the total fission product release is assumed to be reduced
greatly as a result of the filtering action of the soil (Draft
WASH —1400, Appendix V).

These possible effects suggest that emphasis be placed on
containment designs which ensure that, in case of containment
failure, fission products would be scrubbed and/'or filtered be-
fore their release. Thus, for example, a BWR containment
might be designed to fail in a controlled way via pressure re-
lease valves which vented from the pressure-suppression pool
or through large stabilized-bed filters. The remaining gases
couM then be filtered through the standby gas treatment sys-
tern.

2. Underground siting

The advantages and disadvantages of underground siting have
been vigorously debated over the years, but we believe that
they have still not been st,udied in adequate depth. Studies
which have been made, however, indicate that the extra costs
might not be prohibitive and that the possibility merits serious
consideration. We list a few of the reasons here:

(i) A Lawrence Livermore Laboratory study asserts that it
is not necessary to find a large volume of solid rock out of
which to mine the reactor containment. It suggests instead
that it might be economic to dig an open pit 300 feet deep,
build the containment, and then refill around and over (Blake
ef al. , 1973).

(ii) A United Engineers study suggests that the earthquake
stresses on an underground structure might be much less
severe than on a surface structure. This is because a surface
structure has some of the properties of an inverted pendulum
and can amplify the motions of the subsurface rock by more
than an order of magnitude. An underground structure, on the
other hand, is directly coupled into the motions of the subsur-
face rock (Crawley and McCreath, 1972). For a discussion of
earthquake motion amplification in surface structures see,
e.g. , T. F. Lomanik (1970).,

(iii) An obvious property of an underground containment is
that, because of the load of the overburden, burying a contain-
ment a few hundred feet deep can raise the threshold for its
failure due to internal overpressure by a factor of two or so.
(See above two references and also Watson et al. , 1972.) This
advantage will be compensated in part, however, by the fact
that the containment might be expected to have a volume small-
er by a factor of 2 or so than that of a comparable surface
plant. Consequently, it would take only twice as much energy
(and twice as much water) to overpressure an underground
containment which might have a failure pressure of 400 psi,
than the surface containment which has a failure pressure of
100 psi. Sufficient energy couM be deposited in the atmosphere
of the underground cavity to generate 400 psi overpressure
within a few hours. (See, e.g. , Beck and Watson, 1973.)
Undergrounding a containment would therefore not eliminate
the need for providing a heat sink; it would only stretch out
the time period before it is needed.

(iv) If a heat sink were provided, the melt-through of the
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base of the containment would be less serious than the corre-
sponding failure of a surface containment because of the great-
er distance over which fission-product gases would have to
seep before reaching the surface. In this connection it should
be noted that the rate at which gas under pressure penetrates
soil can vary by orders of magnitude. For a pressure gradi-
ent of one psi per foot (2400 dynes/c, 3) the rate of penetration
by air or similar gas will be of order v =2.5x10 5k/uE cm/sec.
(See Draft WASH —1400, Appendix VII, p. k-10.) Here E is the
porosity of the soil +' =0.5), p is the viscosity of air
(= 2 x 10 gm/cm- sec) and 4 is the permeability of soil mea-
sured in "darcies" (one darcy =0.987 x 10 cm ). Substituting
in the equation above for & and p we get

v = 0.254cm/sec {AII.25)

3. Core catcher

Since containments as currently designed would all fail by
melt-through, one might well ask if it is possible to design a

The value of & can vary from of order 10 for sand down to of
order 10 2 for clay. [See, e.g. , DeWiest, (1969) pp. 80, 81.]
For & =10 2 and a depth of 100 meters it could take weeks for
the first redioactive seepage to reach the surface, thus allow-
ing time for decay, for chemical treatment of the surface, etc.

{v) A surface reservoir of water will have a head of the order
of 100 psi relative to a cavity 200 feet underground. It might
be possible to take advantage of this fact in the design of a
passive heat exchanger for the containment (e.g. , an arrange-
ment by which the water flows down under the influence of grav-
ity and flows back to the surface as steam). There need be no
fear that the hydrostatic pressure will rupture the containment,
since the lithostatic pressure will always be higher.

(vi) An underground containment would be protected against
manynaturalandman-madethreats: tornadoes, aircraft, miss-
iles, and even, to some extent, nuclear weapons.

[For a general review of underground and off-shore siting pro-
posals see Yadigaroglu and Andersen (1974).]

"core catcher" which would hold the molten core and prevent
a melt-through. Studies of the possibilities for doing this have
been done (AEC/ECCS, 1967; Morrison et al. , 1971; Jansen
and Stepnewski, 1973). In view of the relatively large probabil-
ity (of the order of 10 per reactor year) of a reactor core
meltdown given in Draft WASH-1400, we suggest that more
advanced studies on a few of the more promising concepts be
pursued.

H. Siting policies

If it is impossible to design a perfect containment, an alter-
native is that of siting the reactor far away from large human
populations or valuable properties. How far away would one
have to go & Our discussion indicates that it would be very dif-
ficult to locate a reactor so remotely that the hazard measured
in population man-rem would be reduced by a large factor.
One might consider another philosophy, however, and choose
a site remote enough so that the hazard to individuals becomes
small. The most stringent constraints on siting would be irn-
posed by thyroid and ground contamination effects. This again
emphasizes the importance of iodine blocking and decontamina-
tion countermeasures.

Siting at distances of the order of 500 miles from load cen-
ters is not impractical. Power is already routinely trans-
mitted for such distances (from the Columbia River and Four
Corners to California, for example). The option of remote
siting seems worthy of further exploration.

If remote siting were adopted, it would seem reasonable to
explore the possibility of siting a considerable number of pow-
er plants at one location. The advantages and disadvantages of
such "nuclear energy centers" have been explored recently in
a preliminary AEC study (AEC, WASH —1288, 1974) and are
the subject of other current studies (see, e.g. , ". Assessment
of Energy Parks vs. Dispersed Electric Power Generating
Facilities, " NSF-funded study at the General Electric Company,
Center for Energy Systems, Washington, D. C. ; Nuclear Reg-
ulatory Commission study).
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APPENDIX III. DESCRIPTION OF THE ECCS ACCEPTANCE CRITERIA

The following reproduced directly from the Atomic Energy Commission's document
REGULATORY ADJUDICATION ISSUANCES, RAI-73-12, January, 1974, pages 1129-1138.

It contains a description of the ECCS ACCEPTANCE CRITERIA.

On November 30, 1971, the Atomic Energy Commission published in the Federal Register
(36 FR 22774) . a notice scheduling a legislative-type public rule making hearing on January 27, 1972,
before a hearing board consisting of Nathanie}H. Goodrich, Esq. , Chairman, Dr. Lawrence R. Quarles, and
Dr. John H. Buck, concerning its interim statement of policy establishing acceptance criteria for emergency
core cooling systems for light water-cooled nuclear power reactors, published June 29, 1971
(36 FR. 12247). Amendments to the interim criteria were published in the Fedeya/ Register on
December 18, 1971 (36 FR. 24082) in a notice that stated that the amendments would also. be considered
at the rule making hearing.

Participation in the rule making hearing was extensive. The primary participants included the
Commission Regulatory Staff, four reactor manufacturers, a consolidated group of electric utility
companies, and the Consolidated National Intervenors (CNI), a group of about 60 organizations and
individuals. In addition, three states, the Lloyd Harbor Study Group, and several iridividua}s participated to
a lesser degree. The hearings lasted a total of 125 days and generated a record of more than 22,000 pages of
transcript and thousands of pages of written direct testimony and exhibits. Oral argument from the seven
principal participants was heard by the Commission on October 9, 1973.

In implementation of the National Environmental Policy Act of 1969, (P.L. 91-190), a Draft
Environmental Statement concerning the proposed rule making was forwarded to the Council on
Environmental Quality on December 6, 1972, and circulated for comment to participants in the hearing
and interested Federal Agencies on December 7, 1972. Notice of public availability of the Statement and an
invitation for comment was also published in the Federal Registev at that time. Comments on the Draft
Statement were received and a Final Environmental Statement was published on May 9, 1973.

The Commission noted in the interim Policy Statement:
Protection against a highly unlikely loss-of-coolant accident has long been an essential part of the
defense-in-depth concept used by the nuclear power industry and the AEC to assure the safety of
nuclear power plants. ln this concept, the primary assurance of safety is accident prevention by
correctly designing, constructing, and operating the reactor. Extensive and systematic quality assurance
practices are required and applied at every step to achieve this primary assurance of safety.
Nevertheless, deviations from expected behavior are postulated to occur, and protective systems are
installed to take corrective action as require'd in such events. Notwithstanding all this, the occurrence of
serious accidents is postulated, in spite of the fact that they are highly unlikely, and engineered safety
features are installed to mitigate the consequences of these unlikely events. The loss-of-coolant accident
is such a postulated improbable accident; the emergency core cooling system is one of the engineered
safety features installed to mitigate its consequences.

The Commission has adopted new regulations, set forth below, dealing with the effectiveness of ECCS.
In a 140 page opinion issued on December 28, 1973, the Commission discussed the changes from the
interim acceptance criteria and the technical reason for them. Copies of this opinion are available for
inspection and copying at the Commission's Public Document Room, 1717 H. Street, N. W. , Washington,
D. C.

The principal changes from the Interim Policy Statement are as follows. The old criterion number one,
specifying that-the temperature of the Zircaloy cladding should not exceed 2300 F, is replaced by two
criteria, lowering the allowed peak Zircaloy' temperature to 2200 F and pioviding a limit on the maximum
allowed local oxidation. The other three criteria of the IAC are retained, with some modification of the
wording. These three criteria limit the hydrogen generation from metal-water reactions, require
maintenance of a eoolable core geometry, and provide for long-term cooling of the quenched core.

The most important effect of the changes in the required features of the eva}uation models is that
swelling and bursting of the cladding must now be taken into consideration when they are calculated to
occur, and that the maximum temperature and oxidation criteria must be applied to the region of clad
swelling or bursting when the maximum temperature and oxidation are calculated to occur there. Another
important change is the requirement that, in the steady state operation just before the postulated accident,
the thermal conductance of the gap between the fuel pellets and the cladding should be calculated taking
into consideration any increase in gap dimensions resulting from such phenomena as fuel densification, and
should also consider the effects of the presence of fission gases. When these effects are taken into
consideration a higher stored energy may be calculated. Other changes in the evaluation models are mostly
in the direction of replacing previous broad conservative assumptions with more detailed calculations where
new experimental information is available or where better calculational methods have been developed.

The wording of the definition of a loss-of-coolant accident has been modified to conform to its
long-accepted usage, limiting it to breaks in pipes. The new regulations also require a more complete
documentation of the evaluation models that are used.
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The Commission believes that the implementation of the new regulations will ensure an adequate
margin of performance of the ECCS should a design basis LOCA ever occur. This margin is provided by
conservative features of the evaluation models and by the criteria themselves. Some of the major points that
contribute to the conservative nature of the evaluat'ions and the criteria are as follows:

(1)Stored Heat The . assumption of 102% of maximum power, highest allowed peaking factor, and
hjghest estimated thermal resistance between the UO& and the cladding provides a calculated stored heat.
that is possible but unlikely to occur at the time of a hypothetical accident. While not necessarily a margin
over the extreme condition, it represents at least an assumption that an accident happens at a time which is

not typical.
(2) Blow down -The c.alculation of the heat transfer during blowdown is made in a very conservative

manner. There is evidence that more of the stored heat would be removed than calculated, although there is

not yet an accepted way of calculating the heat transfer more accurately. It is probable that this represents

a conservatism of several hundred degrees F in stored energy after blowdown, most of which can reasonably
be expected to carry over to a reduction in the calculated peak temperature of the Zircaloy cladding.

(3)Rate of Heat Generation It is a.ssumed that the heat generation rate from the decay of fission

products is 20% greater than the proposed ANS standard. This represents an upper limit to the degree of
uncertainty. The assumption that the fission product level is that resulting from operation at 102%of rated

power for an infinite time represents an improbable situation, with a conservatism that is probably in the

range of 5 to 15 jo. The use of the Baker-Just equation for calculating the heat generation from the steam

oxidation of zircaloy should also provide some conservatism, but the factor is uncertain,

(4) The Peak Temperature Criterion The limita. tion of the peak calculated temperature of'the cladding

to 2200 F and the stipulation that this criterion be applied to the hottest region of the hottest fuel rod

provide a substantial degree of conservatism. They ensure that the core would suffer very little damage in

the accident.
Pursuant to the Atomic Energy Act of 1954, as amended, and Sections 552 and 553 of Title 5 of the

United States Code, the following amendments to Title 10, Chapter I, Code of Federal Regulations,
Part 50, are published as a document subject to codification to be effective on [30 days after publication in

the Federal Register] .
l. A new sentence is added to Section 50.34(a)(4) of 10 CFR Part 50 to read as follows:

1150.34 Contents of applications: technical information

(a)
(4) ***Analysis and evaluation of ECCS cooling performance following postulated loss-of-coolant

accidents shall be performed in accordance with the requirements of $50.46 for facilities for which

construction permits may be issued after December 28, 1974.
2. A new sentence is added to Section 50.34(b)(4) 10 CFR Part 50 to read as follows:
I'I 50.34 Contents of applications; technical Information.

(a) see
(b )
(4) ***Analysis and evaluation of ECCS cooling performance following postulated loss-of-coolant

accidents shall be performed in accordance with the requirements of $50.46 for facilities for which a

license to operate may be issued after December 28, 1974.
3. A new Il 50.46 is added to 10 CFR Part 50 to read as follows:

$50.46 Acceptance Criteria for Emergency Core Cooling Systems for Light Water Nuclear Power

Reactors.
(a)(1) Fxcept as provided in subparagraphs (2) and (3) of this paragraph, each boiling and pressurized

light-water nuclear power reactor fueled with uranium oxide pellets within cylindrical zircaloy cladding

shall be provided with an emergency core cooling system (ECCS) which shall be designed such that its

calculated cooling performance following postulated loss-of-coolant accidents conforms to the criteria set

forth in paragraph (b). ECCS cooling performance shall be calculated in accordance with an acceptable
evaluation model, and shaH be calculated for a number of postulated loss-of-coolant accidents of different

sizes, locations, and other properties sufficient to provide assurance that the entire spectrum of postulated
loss-of-coolant accidents is covered. Appendix K, ECCS Evaluation Models, sets forth certain required and

acceptable features of evaluation models. Conformance with the criteria set forth in paragraph (b), with

ECCS cooling performance calculated in accordance with an acceptable evaluation model, may require that
restrictions be imposed on reactor operation.

(2) With respect to reactors for which operating licenses have previously been issued and for which

operating licenses may issue on or before December 28, 1974:
(i) The time within which actions required or permitted under this subparagraph (2) must occur shall

begin to run on [30 days after publication of the rule in the Federal Register] .
(ii) Within six months following the date specified in subparagraph (i) of this subparagraph (2), an

evaluation in accordance with subparagraph (1) of this paragraph (a) shall be submitted to the Director of
Regulation. The evaluation shall be accompanied by such proposed changes in technical specifications or
license amendments as may be necessary to bring reactor operation in conformity with subparagraph (1)of
this paragraph.

(iii) Any licensee may request an extension of the six-month period referred to in subparagraph (ii) of
this subparagraph (2) for good cause. Any such request shall be submitted not less than 45 days prior to
expiration of the six-month period, and shaH be accompanied by affidavits showing precisely why the

evaluation is not complete and the minimum time believed necessary to complete it. The Director of
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Regulation shall cause notice of such a request to be published promptly in the Federa/Register; such
notice shall provide for the submission of comments by interested persons within a time period to be
established by the Director of Regulation. If, upon reviewing the foregoing submissions, the Director of
Regulation concludes that good cause has been shown for an extension, he may extend the six-month
period for the shortest additional time which in this judgment will be necessary to enable the licensee to
furnish the submissions required by subparagraph (ii) of this subparagraph (2). Requests for extensions of
the six-month period, submitted under this subparagraph, shall be ruled upon by the Director of Regulation
prior to expiration of that period.

(iv) Upon submission of the evaluation required by subparagraph (ii) of this subparagraph (2) (or under
subparagraph (iii), if the six-month period is extended) the facility shall continue or commence operation
only within the limits of both the proposed technical specifications or license amendments submitted in
accordance with this subparagraph (2) and all technical specifications or license conditions previously
imposed by the Commission, including the requirements of the Interim Policy Statement (June 29, 1971,
36 FR 122.48.), as amended (December 18, 1971, 36 FR 240.82.).

(v) Further restrictions on reactor operation will be imposed by the Director of Regulation if he finds
that the evaluations submitted under subparagiaphs (ii) and (iii) of this subparagraph (2) are not consistent
with subparagraph (I) of this paragraph (a) and as a result such restrictions are required to protect the
public health and safety.

(vi) Exemptions from the operating requirements of subparagraph (iv) of this subparagraph (2) may be
granted by the Commission for good cause. Requests for such exemption shall be submitted not less than
45 days prior to the date upon which the plant would otherwise be required to operate in accordance with
the procedures of said subparagraph (iv), Any such request shaH be filed with the Secretary of the
Commission, who shall cause notice of its receipt to be published promptly in the Federal Register; such
notice shall provide for the submission of comments by interested persons within 14 days following Federal
Register publication. The Director of Regulation shall submit his views as to any requested exemption
within five days following expiration of the comment period.

(vii) Any request for an exemption submitted under subparagraph (vi) of this subparagraph (2) must
show, with appropriate affidavits and technical submissions, that it would be in the public interest to allow
the licensee a specified additional period of time within which to alter the operation of the facility in the
manner required by subparagraph (iv) of this subparagraph (2). The request shall also include a discussion
of the alternatives available for establishing compliance with the rule.

(3) Construction permits may be issued after December 28, 1973 but before December 28, 1974
subject to any applicable conditions or restrictions imposed pursuant to other regulations in this chapter
and the Interim Acceptance Criteria for Emergency Core Cooling Systems published on June 29, 1971
(36FR 12248) as am. en. ded (December 18, 1971, 36FR. 24082): Pr.ovided, however, that no operating
license shall be issued for facilities constructed in accordance with construction permits issued pursuant to
this subparagraph, unless the Commission determines, among other things, that the proposed facility meets
the requirements of subparagraph (I) of this paragraph.

(b)(l)Peak Cladding Temperature The calculate. d maximum fuel element cladding temperature shall
not exceed 2200 F.

(2) Maximum Cladding Oxidation The calculate. d total oxidation of the cladding shall nowhere exceed
0.17 times the total cladding thickness before oxidation. As used in this subparagraph total oxidation
means the total thickness of cladding metal that would be locally converted to oxide if all the oxygen
absorbed by and reacted with the cladding locally were converted to stoichiometric zirconium dioxide. If
cladding rupture is calculated to occur, the inside surfaces of the cladding shall be included in the
oxidation, beginning at the calculated time of rupture. Cladding thickness before oxidation means the radial
distance from inside to outside the cladding, after any calculated rupture or swelling has occurred but
before significant oxidation. Where the calculated conditions of transient pressure and temperature lead to
a prediction of cladding swelling, with or without cladding rupture, the unoxidized cladding thickness shall
be defined as the cladding cross-sectional area, taken at a horizontal plane at the elevation of the rupture, if
it occurs, or at the elevation of the highest cladding temperature if no rupture is calculated to occur,
divided by the average circumference at that elevation. For ruptured cladding the circumference does not
include the rupture opening.

(3)Mrrximum Hydrogen Generation The calculat. ed total amount of hydrogen generated from the
chemical reaction of the cladding with water or steam shall not exceed 0.01 times the hypothetical amount
that would be generated if all of the metal in the cladding cylinders surrounding the fuel, excluding the
cladding surrounding the plenum volume, were to react.

(4) Coolable Geometry. Calculated changes in core geometry shall be such that the core remains
amenable to cooling.

(5)Long Term Cooling After any c-alcu. lated successful initial operation of the ECCS, the calculated
core temperature shall be maintained at an acceptably low value and decay heat shall be removed for the
extended period of time required by the long-lived radioactivity remaining in the core.

(c) As used in this section:
(I) Loss-of-coolant accidents (LOCA's) are hypothetical accidents that would result from the loss of

reactor coolant, at a rate in excess of the capability of the reactor coolant makeup system, from breaks in

pipes in the reactor coolant pressure boundary up to and including a break equivalent in size to the
double-ended rupture of the largest pipe in the reactor coolant system.

(2) An evaluation model is the calculational framework for evaluating the behavior of the reactor
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system during a postulated loss-of-coolant accident (LOCA). It includes one or more computer programs
and all other information necessary for application of the calculational framework to a specific LOCA, such
as mathematical models used, assumptions included in the programs, procedure for treating the program
input and output information, specification of those portions of analysis not included in computer
programs, values of parameters, and all other information necessary to specify the calculational procedure.

(d) The requirements of this section are in addition to any other requirements applicable to ECCS set
forth in this Part. The criteria set forth in paragraph (b), with cooling performance calculated in accordance
with an acceptable evaluation model, are in implementation of the general requirements with respect to
ECCS cooling performance design set forth in this Part, including in particular Criterion 35 of Appendix A.

4. A new Appendix K is added to 10 CFR Part 50 to read as follows: Appendix K—ECCS Evaluation
Models.

I. Required and Acceptable Features of Evaluation Models.
II. Required Documentation.

I. REQUIRED AND ACCEPTABLE FEATURES OF THE EVALUATION MODELS

A. SOURCES OF HEAT DURING THE LOCA

For the heat sources listed in Paragraphs 1 to 4 below it shall be assumed that the reactor has been
operating continuously at a power level at least 1.02 times the licensed power level (to allow for such
uncertainties as instrumentation error), with the maximum peaking factor allowed by the technical
specifications. A range of power distribution shapes and peaking factors representing power distributions
that may occur over the core lifetime shall be studied and the one selected should- be that which results in
the most severe calculated consequences, for the spectrum of postulated breaks and single failures analyzed.

1. The Initial Stored Energy in the Fuel. The steady-state temperature distribution and stored energy in
the fuel before the hypothetical accident shall be calculated for the burn-up that yields the highest
calculated cladding temperature (or, optionally, the highest calculated stored energy). To accomplish this,
the thermal conductivity of the UO2 shall be evaluated as a function of burn-up and temperature, taking
into consideration differences in initial density, and the thermal conductance of the gap between the UO2
and the cladding shall be evaluated as a function of the burn-up, taking into consideration fuel densification
and expansion, the composition and pressure of the gases within the fuel rod, the initial cold gap dimension
with its tolerances, and cladding creep.

2. Fission Heat. Fission heat shall be calculated using reactivity and reactor kinetics. Shutdown
reactivities resulting from temperatures and voids shall be given their minimum plausible values, including
allowance for uncertainties, for the range of power distribution shapes and peaking factors indicated to 4

studied above. Rod trip and insertion may be assumed if they are calculated to occur.
3.Decay of Actinides. The heat from the radioactive decay of actinides, including neptunium an

plutonium generated during operation, as well as isotopes of uranium, shall be calculated in accordanc
with fuel cycle calculations and known radioactive properties. The actinide decay heat chosen shall be tha

appropriate for the time in the fuel cycle that yields the highest calculated fuel temperature during th
LOCA.

4. Fission Product Decay. The heat generation rates from radioactive decay of fission products shall b
assumed to be equal to 1.2 times the values for infinite operating time in the ANS Standard (Proposei
American Nuclear Society Standard —"Decay Energy Release Rates Following Shutdown of Uranium

Fueled Thermal Reactors", Approved by Subcommittee ANS-5, ANS Standards Committee, Octobe
1971). The fraction of the locally generated gamma energy that is deposited in the fuel (including thi

cladding) may be different from 1.0; the value used shall be justified by a suitable calculation.
5.Metal-Pater Reaction Rate. The rate of energy release, hydrogen generation, and cladding oxidatior

from the metal/water reaction shall be calculated using the Baker-Just equation (Baker, L., Just, L.C.
"Studies of Metal Water Reactions at High Temperatures, III. Experimental and Theoretical Studies of th&

Zirconium-Water Reaction, " ANL-6548, page 7, May 1962). The reaction shall be assumed not to be stearr

limited. For rods whose cladding is calculated to rupture during the LOCA, the inside of the cladding shal.

also be assumed to react after the rupture. The calculation of the reaction rate on the inside of the claddin~
shall also follow the Baker-Just equation, starting at the time when the cladding is calculated to rupture
and extending around the cladding inner circumference and axially no less than 1.5 inches each way from
the location of the rupture, with the reaction assumed not to be steam limited.

6.Reactor Internals Heat Transfer. Heat transfer from piping, vessel walls, and non-fuel internal
hardware shall be taken into account.

7.Pressurized W'ater Reactor Primary-to-Secondary Heat Transfer. Heat transferred between primary
and secondary systems through heat exchangers (steam generators) shall be taken into account. (Not
applicable to Boiling Water Reactors. )

B. SWELLING AND RUPTURE OF THE CLADDING AND FUEL ROD
THERMAL PARAMETERS

Each evaluation model shall include a provision for predicting cladding swelling and rupture from
consideration of the axial temperature distribution of the cladding and from the difference in pressure
between the inside and outside of the cladding, both as functions of time. To be acceptable the swelling and
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rupture calculations shall be based on applicable data in such a way that the degree of swelling and
incidence of rupture are not underestimated. The degree of swelling and rupture shall be taken into account
in calculations of gap conductance, cladding oxidation and embrittlement, and hydrogen generation.

The calculations of fuel and cladding temperatures as a function of time shall use values for gap
conductance and other thermal parameters as functions of temperature and other applicable time-
dependent variables. The gap conductance shall be varied in accordance with changes in gap dimensions and
any other applicable variables.

C. BLOWDOWN PHENOMENA

1. Break Characteristics and Flow

a. In analyses of hypothetical loss-of-coolant accidents, a spectrum of possible pipe breaks shall be
considered. This spectrum shall include instantaneous double-ended breaks ranging in cross-sectional area
up to and including that of the largest pipe in the primary coolant system. The analysis shall also include
the effects of longitudinal splits in the largest pipes, with the split area equal to the cross-sectional area of
the pipe.

b. Discharge Model. For all-. times after the discharging fluid has been calculated to be two-phase in

composition, the discharge rate shall be calculated by use of the Moody model (F.J. Moody, "Maximum
Flow Rate of a Single Component, Two-Phase Mixture, " Journal of Heat Transfer, Transactions of the
American Society of Mechanical Engineers87, ,No. 1, February 1965).The calculation shall be conducted
with at least three values of a discharge coefficient applied to the postulated break area, these values

spanning the range from 0.6 to 1.0. If the results indicate that the maximum clad temperature for the
hypothetical accident is to be found at an even lower value of the discharge coefficient, the range of
discharge coefficients shall be extended until the maximum clad temperature calculated by this variation
has been achieved.

c.End of Blowdown. (Applies Only to Pressurized Water Reactors. ) For postulated cold leg breaks, all

emergency cooling water injected into the inlet lines or the reactor vessel during the bypass period shall in
the calculations be subtracted from the reactor vessel calculated inventory. This may be executed in the
calculation during the bypass period, or as an aIternative the amount of emergency core cooling water
calculated to be injected during the bypass period may be subtracted later in the. calculation from the water
remaining in the inlet lines, downcomer, and reactor vessel lower plenum after the bypass period. This
bypassing shall end in the calculation at a time designated as the "end of bypass,

" after which the expulsion
or entrainment mechanisms responsible for the bypassing are calculated not to be effective. The
end-of-bypass definition used in the calculation shall be justified by a suitable combination of analysis and
experimental data. Acceptable methods for defining "end of bypass" include, but are not limited to, the
following: (1) Prediction of the blowdown calculation of downward flow in the downcomer for the
remainder of the blowdown period; (2) Prediction of a threshold for droplet entrainment in the upward
velocity, using local fluid conditions and a conservative critical Weber number.

d. Roding Near the Break and the ECCS Injection Points. The noding in the vicinity of and including
the broken or split sections of pipe and the points of ECCS injection shall be chosen to permit a reliable
analysis of the thermodynamic history in these regions during blowdown.

2. Frictional Pressure Drops. The frictional losses in pipes and other components including the reactor
core shall be calculated using models that include realistic variation of friction factor with Reynolds
number, and realistic two-phase friction multipliers that have been adequately verified by comparison with
experimental data, or models that prove at least equally conservative with respect to maximum clad
temperature calculated during the hypothetical accident. The modified Baroczy correlation (Baroczy, C. J.,
"A Systematic Correlation for Two-Phase Pressure Drop, " Chem. Enging. Prog. Symp. Series, No. 64,
Vol. 62, 1965) or a combination of the Thorn correlation (Thorn, J. R. S., "Prediction of Pressure Drop
During Forced Circulation Boiling of Water, " Int. J. of Heat d'c Mass Transfer, 7, 709-724, 1964) tor
pressures equal to or greater than 250 psia and the Martinelli-Nelson correlation (Martinelli, R. C., Nelson,
D. B., "Prediction of Pressure Drop During Forced Circulation Boiling of Water, " Transactions of ASME,
695-702, 1948) for pressures lower than 250 psia is acceptable as a basis for calculating realistic two-phase
friction multipliers.

3.Momentum Equation. The following effects shall be taken into account in the conservation of
momentum equation: (1) temporal change of momentum, (2) momentum convection, (3) area change
momentum flux, (4) momentum change due to compressibility, (5) pressure loss resulting from wall
friction, (6) pressure loss resulting from area change, and (7) gravitational acceleration. Any omission of
one or more of these terms under stated circumstances shall be justified by comparative analyses or by
experimental da ta.

4. Critical Heat Flux

a. Correlations developed from appropriate steady-state and transient-state experimental data are
acceptable for use in predicting the critical heat flux (CHF) during LOCA transients. The computer
programs in which these correlations are used shall contain suitable checks to assure that the physical
parameters are within the range of parameters specified for use of the correlations by their respective
authors.
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b. Steady-state CHF correlations acceptable for use in LOCA transients include, but are not limited to,
the following:

(I) W 3. L. S. Tong, "Prediction of Departure from Nucleate Boiling for an Axially Non-uniform Heat
Flux Distribution, "Journal ofNuclear Energy, Vol. 21, 241-248, 1967.

(2)B&W-Z. J. S. Gellerstedt, R. A. Lee, W. J. Oberjohn, R. H. Wilson, L. J. Stanek, "Correlation of
Critical Heat Flux in a Bundle Cooled by Pressurized Water, " Two Phas-e Flow and Heat Transfer in Rod
Bund1es, ASME, New York, 1969.

(3)Hench levy -J. M.. Healzer, J. E. Hench, E. Janssen, S. Levy, "Design Basis for Critical Heat Flux
Condition in Boiling Water Reactors, "APED-5186, GE Company Private report, July 1966.

(4)Macbeth R. V. . Macbeth, "An Appraisal of Forced Convection Burnout Data, " Proceedings of the
Institute ofMechanical Engineers, 1965-1966.

(5) Bamett. P. G. Barnett, "A Correlation of Burnout Data for Uniformly Heated Annuli and Its Uses
for Predicting Burnout in Uniformly Heated Rod Bundles, "AEEW-R 463, 1966.

(6)Hughes E. D. Hu. ghes, "A Correlation of Rod Bundle Critical Heat Flux'for 'Water in the Pressure
Range 150 to 725 psia, : IN-1412, Idaho Nuclear Corporation, July 1970.

c. Correlations of appropriate transient CHF data may be accepted for use in LOCA transient analyses if
comparisons between the data and the correlations are provided to demonstrate that the correlations
predict values of CHF which allow for uncertainty in the experimental data throughout the range of
parameters for which the correlations are to be used. Where appropriate, the comparisons shall use
statistical uncertainty analysis of the data to demonstrate the conservatism of the transient correlation.

d. Transient CHF correlations acceptable for use in LOCA transients include, but are not limited to, the
following:

(I) GE Tyansient CHF. B. C. Shfer, J. E. Hench, "Loss-of-Coolant Accident and Emergency Core
Cooling Models for General Electric Boiling Water Reactors, " NEDO-10329, General Electric Company,
Equation C-32, April 1971.

e. After CHF is f&rst predicted at an axial fuel rod location during blowdown, the calculation shall not
use nucleate boiling heat transfer correlations at that location subsequently during the blowdown even if
the calculated local fluid and surface conditions would apparently justify the reestablishment of nucleate
boiling. Heat transfer assumptions characteristic of return to nucleate boiling (rewetting) shall be permitted
when justified by the calculated local fluid and surface conditions during the reflood portion of a LOCA.

5. Post-CHF Heat Transfer Correlations

a. Correlations of heat transfer from the fuel cladding to the surrounding fluid in the post-CHF regimes
of transition and film boiling shall be compared to applicable steady-state and transient-state data using
statistical correlation and uncertainty analyses. Such comparison shall demonstrate that the correlations
predict values of heat transfer coefficient equal to or less than the mean value of the applicable
experimental heat transfer data throughout the range of parameters for which the correlations are to be
used. The comparisons shall quantify the relation of the correlations to the statistical uncertainty of the
applicable data.

b. The Groeneveld flow film boiling correlation (Equation 5.7 of D. C. Groeneveld, "An Investigation
of Heat Transfer in the Liquid Deficient Regime, " AECL-3281, revised December 1969), the
Dougall-Rohsenow flow film boiling correlation (R. S. Dougall and W, M. Rohsenow, "Film Boiling on the
Inside of Vertical Tubes with Upward Flow of the Fluid at Low Qualities, "MIT Report Number 9079-26,
Cambridge, Massachusetts, September 1963), and the Westinghouse correlation of steady-state transition
boiling ("Proprietary Redirect/Rebuttal Testimony of Westinghouse Electric Corporation, " U.S.A.E.C.
Docket RM-50-1, page 25-1, October 26, 1972) are acceptable for use in the post-CHF boiling regimes. In
addition the transition boiling correlation of McDonough, Milich, and King (J. B. McDonough, W. Milich,
E.C. King, "Partial Film Boiling with Water at 2000 psig in a Round Vertical Tube, "MSA Research Corp. ,
Technical Report 62 (NP-6976), (1958) is suitable for use between nucleate and film boiling. Use of all
these correlations shall be restricted as follows:

(I) The Groeneveld correlation shall not be used in the region near its low-pressure singularity,
(2) the first term (nucleate) of the Westinghouse correlation and the entire McDonough, Milich, and

King correlation shall not be used during the blowdown after the temperature difference between the clad
and the saturated fluid erst exceeds 300'F,

(3) transition boiling heat transfer shall not be reapplied for the remainder of the LOCA blowdown,
even if the clad superheat returns below 300'F, except for the reflood portion of the LOCA when justified
by the calculated local fluid and surface conditions.
6. Pump Modeling. The characteristics of rotating primary system pumps (axial flow, turbine, or
centrifugal) shall be derived from a dynamic model that includes momentum transfer between the fluid and
the rotating member, with variable pump speed as a function of time. The pump model resistance used for
analysis should be justified. The pump model for the two-phase region shall be verified by applicable
two-phase pump performance data. For BAR's after saturation is calculated at the pump suction, the pump
head may be assumed to vary linearly with quality, going to zero for one percent quality at the pump
suction, so long as the analysis shows that core flow stops before the quality at pump suction reaches one
percent.

7. Core Flow Distribution During Blowdown. (Applies only to pressurized water reactors. )
a. The flow rate through the hot region of the core during blowdown shall be calculated as a function of

time. For the purpose of these calculations the hot region chosen shall not be greater than the size of one
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fuel assembly. Calculations of average flow and flow in the hot region shall take into account cross flow
between regions and any flow blockage calculated to occur during blowdown as a result of cladding swelling
or rupture. The calculated flow shall be smoothed to eliminate any calculated rapid oscillations (period less
than 0.1 seconds).

b. A method shall be specified for determining the enthalpy to be used as input data to the hot channel
heatup analysis from quantities calculated in the blowdown analysis, consistent with the flow distribution
calculations.

D. POST-BLOVfDOW'N PHENOMENA; HEAT REMOVAL BY THE ECCS

1.Single Failure Criterion. An analysis of possible failure modes of ECCS equipment and of their
effects on ECCS performance must be made. In carrying out the accident evaluation the combination of
ECCS subsystems assumed to be operative shall be those available after the most damaging single failure of
ECCS equipment has taken place.

2. Containment Pressure. The containment pressure used for evaluating cooling effectiveness during
reflood and spray cooling shall not exceed a pressure calculated conservatively for this purpose. The
calculation shall include the effects of operation of all installed pressure-reducing systems and processes.

3. Calculation of Reflood Rate for Pressurized Water Reactors. The refilling of the reactor vessel and
the time and rate of reflooding of the core shall be calculated by an acceptable model that takes into
consideration the thermal and hydraulic characteristics of the core and of the reactor system. The primary
system coolant pumps shall be assumed to have locked impe11ers if this assumption leads to the maximum
calculated cladding temperature; otherwise the pump rotor shall be assumed to be running free. The ratio of
the total fluid flow at the core exit plane to the total liquid flow at the core inlet plane (carryover fraction)
shall be used to determine the core exit flow and shall be determined in accordance with applicable
experimental data (for example, "PWR FLECHT (Full Length Emergency Cooling Heat Transfer) Final
Report, " Westinghouse Report WCAP-7665; April 1971; "PWR Full Length Emergency Cooling Heat
Transfer (FLECHT) Group 1 Test Report, " Westinghouse Report WCAP-7435, January 1970; "PWR
FLECHT (Full Length Emergency Cooling Heat Transfer) Group Il Test Report, " Westinghouse Report
%CAP-7544, September 1970; "PWR FLECHT Final Report Supplement, " Westinghouse Report
WCAP-7931, October 1972).

The effects on reflooding rate of the compressed gas in the accumulator which is discharged following
accumulator water discharge shall also be taken into account.

4. Steam Interaction with Emergency Core Cooling Water in Pressurized Water Reactors. The
thermal-hydrau}ic interaction between steam and all emergency core cooling water shall be taken into
account in calculating the core reflooding rate. During refill and reflood, the calculated steam flow in
unbroken reactor coolant pipes shall be taken to be zero during the time that accumulators are discharging
water into those pipes unless experimental evidence is available regarding the realistic thermal-hydraulic
interaction between the steam and the liquid. In this case, the experimental data may be used to support an
alternate assumption.

5.Refill and Reflood Heat Transfer for Pressurized Water Reactors. For reflood rates of one inch per
second or higher, reflood heat transfer coefficients shall be based. on-applicable experimental data for
unblocked cores including FLECHT results ("PWR FLECHT (Full Length Emergency Cooling Heat
Transfer) Final Report, " Westinghouse Report WCAP-7665, April 1971).The use of a correlation derived
from FLECHT data shall be demonstrated to be conservative for the transient to which it is applied;
presently available FLECHT heat transfer correlations ("PWR Full Length Emergency Cooling Heat
Transfer (FLECHT) Group 1 Test Report, " Westinghouse Report WCAP-7544, September 1970; "PWR
FLECHT Final Report Supplement, "Westinghouse Report WCAP-7931, October 1972) are not acceptable.
New correlations or modifications to the FLECHT heat transfer correlations are acceptable only after they
are demonstrated to be conservative, by comparison with FLECHT data, for a range of parameters
consistent with the transient to which they are applied.

During refill and during reflood when reflood rates are less than one inch per second, heat transfer
calculations shall be based on the assumption that cooling is only by steam, and shall take into account any
flow blockage calculated to occur as a result of cladding swelling or rupture as such blockage might affect
both local steam flow and heat transfer.

6. Convective Heat Transfer Coefficients for Boiling Water Reactor Fuel Rods Under Spray Cooling
Following the blowdown period, convective heat transfer shall be calculated using coefficients based on
appropriate experimental data. For reactors with jet pumps and having fuel rods in a 7 X 7 fuel assembly
array, the following convective coefficients are acceptable:

a, During the period following lower plenum flashing but prior to the core spray reaching rated flow, a
convective heat transfer coefficient of zero shall be applied to all fuel rods.

b. During the period after core spray reaches rated flow but prior to reflooding, convective heat transfer
coefficients of 3.0, 3.5, 1.5, and 1.5 Btu-hr '-ft -'F ' shall be applied to the fuel rods in the outer corners,
outer row, next to outer row, and to those remaining in the interior, respectively, of the assembly.

c. After the two-phase reflooding fluid reaches the level under consideration, a convective heat transfer
coefficient of 25 Btu-hr '.-ft - F ' shall be applied to all fuel rods.

7. The Boili'ng Water Reactor Channe/Box Under Spray Cooling. Following the blowdown period, heat
transfer from, and wetting of, the channel box shall be based on appropriate experimental data. For
reactors with jet pumps and fuel rods in a 7 x 7 fuel assembly array, the following heat transfer coefficients
and wetting time correlation are acceptable.

a. During the period after lower plenum flashing, but prior to core spray reaching rated flow, a
convective coefficient of zero shall be applied to the fuel assembly channel box.

b. During the period after core spray reaches rated flow, but prior to wetting of the channel, a
convective heat transfer coefficient of 5 Btu-hr '-ft -'F ' shall be applied to both sides of the channel box.

c. Wetting of the channel box shall be assumed to occur 60 seconds after the time determined using the
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correlation based on the Yamanouchi analysis ("Loss-of-Coolant Accident and Emergency Core Cooling
Models for General Electric Boiling Water Reactors, " General Electric Company Report NEDQ-]0329,
April 1971).

II. REQUIRED DOCUMENTATION

l. a. A description of each evaluation model shall be furnished. The description shall be sufficiently
complete to permit technical review of the analytical approach including the equations used, their
approximations in difference form, the assumptions made, and the values of all parameters or the procedure
for their selection, as for example, in accordance with a specified physical law or empirical correlation.

b. The description shall be sufficiently detailed and specific to require significant changes in the
evaluation model to be specified in amendments of the description. For this purpose, a significant change is
a change that would result in a calculated fuel cladding temperature different by-more than 20 F from the
temperature calculated (as a function of time) for a postulated LOCA using the last previously accepted
model.

c. A complete listing of each computer program, in the same form as used in the evaluation model, shall

be furnished to the Atomic Energy Commission.
2. For each computer program, solution convergence shall be demonstrated by studies of system

modeling or noding and calculational time steps.
3. Appropriate sensitivity studies shall be performed for each evaluation model, to evaluate the effect

on the calculated results of variations in noding, phenomena assumed in the calculation to predominate,
including pump operation or locking, and values of parameters over their applicable ranges. For items to
which results are shown to be sensitive, the choices made shall be justified.

4. To the extent practicable, predictions of the evaluation model, or portions- thereof, shall be
compared with applicable experimental information.

5. General Standards for Acceptability —Elements of evaluation models reviewed will include technical
adequacy of the calculational methods, including compliance with required features of Section I of this
Appendix K and provision of a level of safety and margin of conservatism comparable to other acceptable
evaluation models, taking into account significant differences in the reactors to which they apply.
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