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Section I

Introduction

With the 'release of WASH-1400 in draft
form in August 1974, the Reactor Safety
Study requested comments from a broad
spectrum of society. Comments were
requested from environmental groups,
groups critical of nuclear power, law~
yers representing environmental groups
and industry, government agencies, and
industrial organizations representing
reactor manufacturers, architect engi-
neering firms and electric utilities.
About 90 organizations and individuals
responded with comments totaling about
pages; these included many
unsolicited comments,

The comments received were in the main
constructive and of considerable assis-
tance in preparing the revisions to the
draft report. This appendix provides a
discussion of the principal comments
received and guidance as to the location
and substance of the significant changes
incorporated into the final report. The
large majority of comments grouped
conveniently into 16 major topics, each
of which 1is discussed in a separate
section of this appendix, as indicated
by the following list:

Section 2. Summaries of Principal Com-

ments by Various Organiza-
tions
2.1 U.s. Environmental

Protection Agency

2.2 American Physical So-
ciety Study Group on
Reactor Safety

2.3 U.S. Atomic Energy
Commission Regulatory
Staff

2.4 Advisory Committee on
Reactor Safeguards

2.5 Union of Concerned
Scientists
2.6 Resources for the
Future, Inc.
lThe organizations and individuals

1-1.
asterisks.

Those whose comments were requested by

Section 3. Methodology

Section 4. Consequences Model

Probability of Accident Se-
qguences

Section 5.

Radioactive Releases from

Accident Sequences

Section 6.

Emergency Cooling Function-
ability

Section 7.

Section 8. Reactor Vessel Rupture

Section 9, Nuclear Excursions

Behavior of Radionuclides
in Soil and Water

Section 10.

Section 11. Core Meltdown Analysis

Section 12. Steam Explosion

Section 13, Hydrogen Combustion

Section 14. Data Base

Section 15. External Forces

Section 16. Sabotage

Section 17. Scope

Section 18, Design Adequacy

Section 19. Miscellaneous

To handle the large volume of comments
received in a coherent manner, it is
necessary to present the essence of the
comments -and the appropriate responses,
The action taken in response to the
various comments received was based on
an examination of each comment, both
individually and in terms of the context
provided by the comments from all
sources. Many of the comments received
from the various sources were similar
and were therefore grouped to make their
treatment easier to follow; the sources
of the comments that were grouped to-
gether are identified in each case. For

that submitted comments are listed in Table XI
the Study Group are

indicated by




discussion of the
principal comments received from
organizations that made a significant
effort to review draft WASH-1400 is also
presented.

further clarity, a

Some of the comments received required
changes to be made in the report. Most
of these comments pertained to the cal-
culation of consequences; 1in response,
an essentially entirely new Appendix VI,
Calculation of Reactor Accident
Conseguences, has been 1incorporated 1into
the rinal report. Responses to those
other comments that required changes in
the report are also included in this
appendix, with a notation indicating
where the report has been changed. A
second, somewhat larger, category in-
cluded comments that addressed matters
of significance and seemed to require a
response to clarify the matter; it was
felt that these comments did not require
changes in the report.

The rest of the comments, comprising the
large majority of those received, were

of a nature that did not affect the
study significantly and required no
response. Many of these contained

helpful suggestions that were essential-
ly editorial in nature, and minor
changes were made in the text of the
report where appropriate. The comments
in this category fell into the following
subcategories:

a. The comment received was keyed to a
particular section of the report and
indicated that some sort of informa-

tion or analysis was missing. The
information sought was already
contained elsewhere 1in draft WASH-
1400, but apparently could not be

found by the reader because of the
large volume of the report. (1t
should be noted that where this type
of comment identified areas of sig-
nificance that were not covered in
the report, the matter is discussed
in this appendix as a part of the
major topics listed earlier.)

b. The comment suggested expanding the
scope of the study beyond that de-
fined by its charter or extending
the detail of the work beyond that
needed to substantiate the point
involved. Most comments of this
type are not discussed in this
appendix. However, a representative
group on the scope of the study was
assembled and is discussed in
section 17,

c. The comment appeared to result from
misreading or misunderstanding the
report, or was in error.

d. The comment disagreed with material
in the report without presenting
factual information or analysis to

substantiate the objection,

e, Minor editorial comments that were
made to improve clarity, comprehen-
siveness, or consistency {(or simply
to correct fairly obvious ‘errors);
appropriate changes were made in the
report where indicated. Some
editorial comments made no such
contributions or reflected merely
matters of taste and were not acted
upon. The report was not affected
in any substantive way by comments
of this type. :

All of the substantive comments that
were received are discussed in the
various sections of this appendix. The
principal areas addressed by these
comments were the methodology used in
the study, the calculations of conse-
quences, and the probabilities and
radioactive release magnitudes predicted
for the various potential accidents. A
reexamination of these areas led to the
following actions by the study:

1. Because the discussions of methodol-~
ogy were scattered throughout the rather
voluminous appendices "and because cer-
tain elements that could have provided a
better perspective of the methodology
were not included in the draft report,
an overview of the methodology was
prepared. This overall discussion of
the methodology is contained in section
3 of this appendix and in Addendum I to
the Main Report. It is hoped that this
overview will clarify the application of
the methodology in WASH-1400.

2. In general, the potential conse-
quences predicted in the final report
have increased over those predicted in
the draft report. All predicted conse-
guences in the final report, except one,
were within the factors of 1/3 and 3
error bands of the values predicted in
the draft report. The predicted average
value of latent cancers increased by a
factor of about 7, due principally to
the error made in the weathering half
life that was assigned for cesium decay
in the draft report. This effect also
increased the land area needing decon-
tamination by 5 and that in which
relocation is required by 10. Early
illnesses were calculated on an organ by

organ basis which increased the magni-
tude by a factor of 6. The rest of the
changes were within the confidence

bounds of the predictions in the draft
report. The study believes that its
current consequence model is conserva-
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tive and that the potential consequences
in the final report represent near upper
‘bound limits for those consequences such
as early effects, property damage and
contaminated land areas. This area 1is
discussed further in section 4 of this
appendix and in Chapter 5 of the Main
Report. The above noted changes do not
change the basic conclusion of the draft
report that reactor risks are relatively
small compared to other societal risks.

3. Although the probabilities predicted
for the various accident sequences have
changed in some details, the overall
predicted probability of accidents did
not change significantly. A number of
changes affecting accident sequences,
their probabilities, and radioactive re-
lease magnitudes are discussed below.

a. One accident sequence was iden-
tified that, although it had
been considered gqualitatively in
the analysis, had not been
treated quantitatively in the
draft report. This sequence
pertained to the potential con-
tribution to risk of large elec-
trical fires such as the one
that occurred at the Browns
Ferry Nuclear Power Plant.
Section 3, comment 3.2.1 con-
tains an analysis of this se-
quence, and the Main Report has
been modified appropriately.
The addition of this sequence
did not have a significant
impact on the results of the
study. .

b. In regard to the probabilities
predicted for various accident
sequences, the predicted proba-
bility for one seguence was
changed as a result of the com-
ments received. This involved
the predicted ' probability for
loss of ability to stop the
fission process -in . certain BWR
-accident seqguences. Although
the probability of these sequen-
ces 1increased by a factor of 3,

the net impact on the overall’

probability of accidents did not
change significantly. See the
response to comment 5.1.1 in
section 5 of this appendix. -

c. As the result of a comment ques-
tioning the applicability of the
release magnitudes computed for
large-LOCA accident sequences to
small-LOCA - and transient acci-
dent sequences, the study reex-
amined this area and performed

XI 1-3

additional computations of the
potential radioactive releases
from small-LOCA and transient
accident sequences. These com-~
putations generally confirmed
the study's engineering judgment
in the draft report except for
one transient sequence in the
BWR. This change affects BWR
release category 2. The re-~
leases of the halogens and
alkaline earths, which are the
principal contributors to the
consequences of potential acci-
dents, increased by 50 and 67%,
respectively. The releases of
strontium and tellurium also
increased by factors of 2.5 and
3, respectively. These changes
have been incorporated into Ap-
pendix V, section 1, and into
the input to the consequence
model described in Appendix VI.
See response to comment 6.1 in
section 6 of this appendix.

d. It should also be noted that in
the preparation of the final
report the study reexamined the
probability predicted for each
significant accident sequence as
well as the assignment of radio-
active release magnitudes for
these sequences. Some minor
errors were found both in the
predicted probabilities of vari-
ous accident seguences as well
as in the predicted release mag-
nitudes. When these were ad-
justed, the overall probability
of core melt of 6 x 103 per
reactor-year predicted in the
draft report decreased slightly
to 5 x 10-53 per reactor-year.
In addition, some small in-
creases and decreases 1in pre-
dicted radioactive release mag-
nitudes also occurred. These
changes as well as those men-
tioned in paragraph c¢. above
(see sections 5 and 6 of this
appendix for a more detailed
discussion) produced no signifi-
cant changes in the results of
the study.

As indicated above, the principal com-
ments received are covered in the fol-
lowing sections of this appendix:
Section 3. Methodology

Section 4. Consequence Model

Section 5. Probability of Accident Se-
guences




Section 6. Radioactive Releases from
Accident Sequences
In addition, section 2 of this appendix

the Union of Concerned Scien-
tists, and Resources for the Future,
Inc. These organizations apparently
made significant efforts to evaluate the

guards,

contains brief summaries of the princi- study and were responsible for a sub-
pal comments received from the U.S. stantial portion of the substantive
Environmental Protection Agency, The comments received. The summaries in
American Physical Society Study Group on section 2 are included to provide a
Reactor Safety, the U.S. Atomic Energy basis for understanding the flavor and
Commission Regulatory Staff, the thrust of both the comments and the
Advisory Committee on Reactor Safe- study's response to them.
TABLE XI 1-1
ORGANIZATIONS AND INDIVIDUALS
SUBMITTING COMMENTS ON DRAFT
WASH-1400 (a)
Governmental Organizations 25, Combustion Engineering, Inc.*
26, Concerned Californians
27, Edison Electric Institute*
1. Brookhaven National Laboratory¥* 28. Electric Power Research Institute*
2. East Tennessee Development District 29. Engineering Decision Analysis
3. Federal Energy Administration* Company
4. Federal Power Commission* 30. Fluor Pioneer, Inc.*
5. Lawrence Livermore Laboratory 31. Franklin Institute
6. Minnesota Pollution Control Agency 32, Friends of the Earth*
7. National Aeronautics and Space 33. General Atomic Company*
Administration 34. General Electric Company*
8. Nuclear and Thermal Energy Council, 35. Gibbs and Hill, Inc.*
State of Oregon 36. Gilbert Associates, Inc.?*
9., U.S. Atomic Energy Commission, 37. Holmes & Narver, Inc.¥*
Division of Reactor Research and 38. Institute for Energy Analysis
Development* 39. Iowa Student Public Interest
10. U.S. Atomic Energy Commission, Research Group
Director of Regulation* 40. Medical Research Council
ll. U.S. Atomic Energy Commission, 41, Natural Resources Defense Council,
Advisory Committee on Reactor Inc.*
Safeguards* 42, National Rural Electric Cooperative
12, U.S. Atomic Energy Commission, Association*
Office of Planning and Analysis* 43. Nuclear Energy Liability Property
13. U.S. Atomic Energy Commission, Insurance Association
Regulatory Staff* ' 44, Nuclear Fuel Services
14. U.S. Department of Commerce 45, Philadelphia Electric Company
15. U.S. Department of Health, 46. Pollution and Environmental
Education and Welfare* Problems, Inc.
16. U.S. Department of Interior 47. Public Interest Research Group
17. U.S. Environmental Protection 48, Rensselaer Polytechnic Institute
Agency* 49, Resources for the Future, Inc.*
50. Sargent & Lundy Engineers*
51. Scientists' Institute for Public
Nongovernmental Organizations ) Information*
52. The Detroit Edison Company
18. BAerojet Nuclear Company 53. The National Intervenors*
19. American Physical Society Study 54. Town of Enfield Safety Council
Group on Reactor Safety 55. Union of Concerned Scientists and
20. Atomic Industrial Forum the Sierra Club¥*
21. Babcock & Wilcox* 56. United Engineers & Constructors,
22, Bechtel Power Corporation¥* Inc.*
23. Businessmen for the Public 57. University of Washington, Nuclear
Interest* Physics Laboratory
24. Californians for Safe Nuclear 58. Virginia Electric Power Company
Energy 59. Westinghouse Electric Corporation*
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60.
61.

62.
63.

64.
65.
66.
67.
68.
69.
70.

71.

Wildlife Research Center
York Committee for a Safe
Environment

Individuals

Louis Baker, Argonne National
Laboratory

S. K. Ballal, Tennessee Technolog-
ical University

Robert E. Barrett

Burton G. Bennett

Russell M. Bimber

Mrs. Elva I. Bresler

H. D. Bruner

William M. Bryan

Lincoln Clark, Jr., Massachusetts
Institute of Technology Research
Reactor

G. E. Cummings, Lawrence Livermore
Laboratory

72.

73.
74.
75.

76.
77.
78.
79.

80.
8l.
82.
83.
84.

85.
86.
87.

William Dooly, U.S. Atomic Energy
Commission¥*

D. E, Dorfan

J. E, Falletta, Jr.

John D. Furber, Jr., University of
California

Donald P, Geesaman

Richard L. Grossman

R. Keller

Jerome Kohl, North Carolina State
University at Raleigh

Ralph Lapp¥*

Skip Latimer

Amory Lovins

Robert D. Millberry

R. F. Taschek, University of
California - Los Alamos

Bill Teague

Richard E. Webb

Mrs. Mary Wright

indicates that the

comment was solicited by the Reactor Safety
organizations

(a) An asterisk
Study. It should be mentioned that a
comments were solicited did not respond.

number of other whose




Section 2

Summaries of Principal Comments
by Various Organizations

This section presents the principal
comments received from the U.S. Environ-
mental Protection Agency, the American
Physical Society Study Group on Reactor
Safety, the U.S. Atomic Energy Commis-
sion Regulatory Staff, the Advisory Com-
mittee on Reactor Safeguards, the Union
of Concerned Scientists, and Resources
for the Future, 1Inc. These organiza-
tions apparently made significant ef-
forts to evaluate the study and were
responsible for a substantial portion of
the substantive comments received.

2.1 U.S. ENVIRONMENTAL PROTECTION
AGENCY

The U.S. Environmental Protection Agen-
cy's (EPA) comments on draft WASH-1400
were received on December 4, 1974, and
August 20, 1975.1 wWhere appropriate,
the report was amended to reflect the
changes recommended by the EPA. The
comments received were a significant aid
in preparing the final report.

The principal comments submitted by the
EPA are presented below and are accom-
panied by responses where appropriate.

COMMENT 1

"Because of the significance of the
Reactor Safety Study toward establishing
the accident risk associated with
nuclear power plants, we chose to review
the draft report of the study in two
phases, The comments from our first
phase review, and overall review of the
draft WASH-1400, were transmitted to you
by our letter of November 27, 1974. The
second phase review was an intensive
examination of selected areas of draft
WASH-1400 to determine if there were
deficiencies in their evaluations and to
estimate the significance of the defi-
ciencies with respect to the related
risk calculations in draft WASH-1400.

This effort provided a deeper
appreciation of the degree of
thoroughness with which the Reactor

Safety Study staff has applied the study

1

methodology and of the sensitivity of
the study results to changes in
individual parameters or in single event
probabilities."

"The results of our second phase review
have not altered our opinion that the
Reactor Safety Study provides a forward
step in risk assessment of nuclear power
reactors, and that the study's general
methodology appears to provide a system-
atized basis for obtaining useful as-
sessments of the accident risks where
empirical or historical data are pre-
sently unavailable."

COMMENT 2

"There are a number of areas of nuclear
power technology which should be con-
sidered as candidate areas for future
application of a refined form of the
Reactor Safety Study methodology, in-—
cluding different versions of contempo-
rary light water reactors, high tempera-
ture gas cooled reactors, liquid metal
fast breeder reactors, and variations
such as barge mounted power plants."”

RESPONSE

The areas mentioned here are outside the
scope of the Reactor Safety Study, as
indicated in section 17 of this appen~
dix. The study agrees that it would be
useful to pursue the areas outlined in
future NRC work.

COMMENT 3

"The [EPA] second phase review findings
indicate that although errors, omissions
and other deficiencies were found in
areas of draft WASH-1400, the vast ma-
jority of these were found not to have a
significant effect on the overall risk
estimates. More than a dozen areas were
investigated in this phase but the only
one which was found to have a signifi-~
cant potential for increasing the esti-

The EPA letter of August 20, 1975, also forwarded a report entitled A Review of the

Draft Report Reactor Safety Study (WASH-1400) by Intermountain Technologies, Inc.
{IT1). TEI performed as a contractor to assist EPA in the review of WASH-1400.
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mate of overall risks was the assessment
of transient-without-scram accidents for

boiling water reactors....

"Draft WASH-1400 shows that the tran-
sient-without-scram accident sequences
for boiling water reactors (BWRs) make a
major contribution to the overall acci-
dent risk. The treatment of several as-
pects of transient-without-scram acci~
dents should be carried out in more
detail to avoid wunrealistically high
risk estimates; an example is the deter-
mination of the combinations of control
rods whose failure results in failure to
scram. Other aspects of transient-
without-scram accidents need better
justification of the failure probability
values chosen; the assessments of the
single control rod insertion failure
rate, of the multiple and common mode
control rod insertion failure rate, and
of the protection provided by the liquid
poison injection system are such that
higher failure probability wvalues could
have been selected from the information
given, with a potential for increasing
overall risks by as much as a factor of
2."

RESPONSE

The EPA comment that the probability
contribution to BWR risk from transients
without scram was under-estimated in the
draft WASH~1400 report is generally
correct. Each of the points made in the
comment concerning the assessment of 1)
single control rod failure rate, 2) the
multiple and common mode control rod
insertion failure rate and 3) the pro-
tection provided by the liquid poison
injection system have been discussed in
comment 5.1 of section 5 of this appen-
dix. These discussions can be summa-
rized as follows:

a. The single control rod unavailabil-
ity of 10-4 per demand used in WASH-
1400 is «consistent with available
data. See comment 5.1.3 in section
5 of this appendix.

b. Because of the nature of common mode
failure contributions, the probabil-
ity of multiple rods failing to
scram does not vary appreciably as
the number (>3) of potential rod
failures increases. See comment
5.1.4 of section 5 of this appendix.

c. The estimated probability of
3 x 10-2 assigned in the draft
report for failure of the operation
to start the liquid poison injection
system was in error. A better value

of 10-1 has been assigned and as the
final report has been changed
accordingly. See the introduction
to section 5 and comment 5.1.1 for a
fuller discussion of the area.

COMMENT 4

"Although the draft Reactor Safety Study
report does not make an absolute judg-
ment on nuclear power plant accident
risk acceptability, the comparative risk
approach presented in the summmary and
in the main volume of the draft report
is 1likely to imply an acceptability
judgment to the average reader. EPA
recognizes that the comparative risk
approach 1is a first step in addressing
this question, but by itself is mislead-
ing. The summary presentations in draft
WASH-1400 serve to illustrate some of
the problems with the comparative risk
approach, as do some of the observations
on the subject in ITI's report. It is
not an accurate comparison to compare
risks estimated from calculations to
risks estimated from experience, to omit
latent deaths from comparisons of fatal-
ities nor to compare acute fatalities to
latent. A better appreciation of the
risk estimates could be gained if their
uncertainties were added to the graphs.
It should also be acknowledged that the
risk from nuclear power is not only the
risk from severe accidents, but it also
includes the risks from normal operation
of nuclear power plants, from associated

. transportation and storage of radioac-

tive material, from other fuel cycle

facilities, and from such potential
activities as sabotage and terrorist
diversion of materials. It should be

made clear in the final WASH-1400 that
the study attempts to quantify the risk
of accidents from contemporary light-
water reactors and does not, by itself,
make judgments on the acceptability of
quantifications made, although such
quantifications may be put into perspec-
tive through appropriate comparison with
other risks. ‘

"Our major reservation with respect to
this study is the implied acceptability
of the estimated risks to society.
Although the study has made major in-
roads into quantification of accidental
risks from nuclear reactors, the accept-
ability to society of such accidental
risks has not been analyzed. It appears
that WASH-1400 cannot, nor should it,
address the acceptability to society of
the 1risk estimates derived. It is im-
portant, however, that WASH-1400 not be
susceptible to the interpretation that
it presumes such acceptability. Thus,
the quantification of risk determined by
this study and implications of their
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acceptability should be clearly differ-
entiated to eliminate any potential
confusion, The Reactor Safety Study's
summary presentation should be modified
to qualify the risk comparisons with
more emphasis that they are only a first
step toward the evaluation of risk
acceptability and that conclusions with
regard to the acceptability of the risks
can only be drawn when other factors are
considered."

RESPONSE

The study finds the two paragraphs of
comment above conflicting in some
respects. EPA states that its major

reservation with respect to WASH-1400 is
that it implies, by presenting curves
that compare nuclear and nonnuclear
accident risks, that nuclear reactor
accident risks are acceptable. Although
EPA recognizes that WASH-1400 has made
no judgment on risk acceptability, it
also states that WASH-1400 cannot and
should not address the matter of nuclear
accident risk acceptability and suggests
(1) that WASH-1400 not be subject to the
interpretation that it presumes accepta-
bility of nuclear accident risks; (2)
that the presentations be modified to
qualify the risk comparisions by placing
more emphasis on the fact that they are
only a first step toward the evaluation
of risk acceptability and that other
factors must be considered; and (3) that
the comparative risk curves might be
confusing to the average reader.

The reason for presenting comparative
risk curves, as discussed in sections
1.10, 2.4, and 7.5 of the Main Report,
is to provide readers with some perspec-
tive from which to view potential
nuclear reactor accident risks. Because
low-probability risks are not a part of
common experience, most people do not
consciously consider  low-probability
‘risks and their potential consequences.
It was felt that the average reader
would find it useful to have this type
of perspective on low-probability/high-
consequence risks in our society. No
judgment on acceptability was made or
implied by the authors of WASH-1400.
This was stated in sections 1.10 and 7.5
of the Main Report; the applicable
paragraph of section 7.5 reads as
follows:

"The question of what level of risk from
nuclear accidents should be accepted by
society has not been addressed in this
study. It will take consideration by a
broader segment of society than that
involved in this study to determine what
level of nuclear power plant risks
should be acceptable.”

EPA goes on to state that it is not
accurate to compare acute fatalities
with latent deaths or to omit latent
deaths from comparisons of fatalities.,
This is, in fact, a troublesome matter
that was considered with some care by
the study. The study agrees with EPA
that it is not accurate to compare acute
fatalities with latent ones, as some
have done. As indicated in section 2.4
of the Main Report, since there are also
serious questions about the validity and
wisdom of such comparisons, the study
made no such comparisons.

The problem of placing radiation-induced
latent cancer fatalities in perspective
is especially difficult since it is well
known that there are latent cancer
fatalities attributable to many causes
(air pollution, chemical agents, etc.)
in our society. Although there arxe
sufficient data available to create
models that can predict, albeit with
some uncertainty, latent effects due to
irradiation, there is not sufficient
information to do so for other carcino-
genic agents. Thus the study chose, as
indicated in section 5.5.4 of the Main
Report, to compare the various radia-
tion-induced latent effects with the
normal incidence of similar effects.
For instance, in connection with latent
cancer fatalities, it is shown that the
numbers predicted due to potential
nuclear reactor accident represent a
small fraction of the normal incidence
of cancers due to other causes. While
in this type of comparison potential
latent effects from nuclear accidents
are contrasted with those occurring
principally from nonnuclear, environmen-
tal causes, the comparison provides some
degree of perspective and is considered
fair because some epidemiologists have
estimated that the majority of normally
occurring cancer fatalities are due to
environmental causes.

The EPA suggestion that a better appre-
ciation of the risk estimates could be
gained if their uncertainties were added
to the probability vs. consequence
curves 1is correct.. These uncertainties
were shown on the curves for all the
principal accident effects presented in
chapter 5 of the Main Report. The un-
certainties were not shown on the com-
parison curves in the draft report
because they had been shown earlier in
chapter 5. However, the comparison
curves in the final report have been
modified in this regard.

The study agrees with EPA that the risks
from nuclear power involve not only
those from potential reactor accidents




but also those due to normal reactor
operation as well as considerations
pertinent to the rest of the fuel cycle.
These other matters are outside the
scope of this study, as indicated in
section 18 of this appendix; however,
the published 1literature contains a
significant body of analysis of many of
those areas.

COMMENT 5

The area of human reliability appears to
be improperly or incompletely con-
sidered.

RESPONSE

The EPA reference apparently results
from a number of specific comments in
the Intermountain Technologies, Inc.,
report. Section 14 of this appendix
discusses the general approach used in
the handling of human errors in the
study, and section 5 dicusses some
specific comments in this area. The
study's position can be summarized as
follows: the assignment of probabili-
ties to human errors generally involves
more subjective judgment than is used in
other probability assignments; however,
there is sufficient generalized informa-
tion on human behavior to permit a valid
quantification of human-error probabili-
ties for wuse within the accuracies
needed for risk assessment,

COMMENT 6

"The area of common mode failure, in
particular, needs further elaboration,
especially because the concept employed
in the Reactor Safety Study seems to be
broader and inclusive of a greater
variety of failures than the usual
interpretation of the term. The asser-
tion that common mode failures do not
contribute much to the overall risk
needs extensive and substantial addi-
tional support in the form of comprehen-
sive, logical, and well-connected cover=-
age of the subject. The recent fire at
the Browns Ferry plant, an example of a
common mode failure which disabled a
number of systems of two power reactors
simultaneously, emphasizes the need for
thorough examination of common mode
failure."

RESPONSE

The study agrees with EPA that the
matter of common mode failures needed
further elaboration over the discussions
provided in draft WASH-1400. These
discussions were widely scattered

through the various portions of the
report and somewhat difficult to follow.
Section 3 of . this appendix has been
provided in response to the many com-
ments received in this regard. The
discussion in section 3 provides an
overview of the methodology used in the
study and the ways in which common mode
failures were handled. It has also been
included as Addendum I to the final Main
Report.

The recent fire at the Browns Ferry
plant is indeed an example of a common
mode equipment failure and has been
analyzed in section 3.2 of this appendix
and in section 5.3.4.4 of the Main
Report. This analysis estimates that
the probability of a potential core melt
accident due to that fire was approxi-
mately 20% of that due +to the other
causes identified in the study. At that
probability, the occurrence of the fire
does not impact significantly on the
validity of the study's results.

COMMENT 7

"The discussion of design adequacy needs
to be expanded to include explicit de-
scription of the manner in which possi-
ble design inadequacies in components,
structures, and systems are accounted
for in the study methodology."

RESPONSE

As indicated in section 3.1.5 of this
appendix and in Appendix III, the gener-
al as well as the nuclear failure data
that were examined contained failures
experienced in actual operation. Many
system reliability predictions performed
by others, where insufficient data were
available from operating experience,
used only partially applicable data ob-
tained from bench or laboratory tests.
Such data generally have inadequate con-
tent with respect to many characteris-
tics of production line equipment used
in field applications. The data ob-
tained from field sources incorporate
many causally related failures, such as
those due to manufacturing and construc-
tion defects, design errors, quality
control inefficiencies, environmental
conditions, and human causes as well as
a wide variety of other causes. Thus
the failure rates used in the study were
essentially total failure rates, and not
simply "random" failure rates. Special
common mode studies were thus not needed
to 1identify failure causes that were
already included in the data.

There were three exceptions to the
foregoing: potential failure causes due
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to seismic loadings, tornado loadings,
and the potential accident environments
of high pressure, temperature, and
radiocactivity.l

Certain nuclear components are required
to remain operational under these condi-
tions and are therefore designed to
accommodate stresses of this type.
Since neither nuclear or nonnuclear com-
ponents generally experience these
stresses, their effects are not included
in the data sources wused to derive
failure rates for the study.

These considerations formed the basis of
the design adequacy task described in
Appendix X. Although NRC safety design
requirements cover consideration of
these stresses for applicable compo-
nents, there 1is no experience data
available to test the validity of the
implementation of these requirements
because of the rarity of seismic and
accident events. To ensure the adequate
implementation of these "special" design
requirements a detailed examination of
the design and testing of a selected
number of components and systems was
made. The results of this examination
indicated some deficiencies (about 10%)
in these areas in that, while the
designs were not inadequate, they
appeared to have somewhat less design
margin than might normally be expected.
These results were used to make
appropriate modifications to component
failures in the fault tree and event
tree gquantifications and to estimate the
failure probability for safety systems
under seismic loads, as indicated in
section 5.4.1 of the Main Report.

COMMENT 8

The techniques for calculating the
results of small pipe breaks in PWRs
appear to be incompletely considered.
The detailed basis for this
presented in the Intermountain Techno-
logies, 1Inc., report which indicated
that there may be inadequacies in the
PWR vendor modeling of predicted peak
clad temperatures.

RESPONSE

It appears, as indicated in the ITI
report, that the concern in this area
stems primarily from the following: the
peak temperatures predicted by different

comment 1is

PWR reactor manufacturers vary between
1100 and 1400 F, and it was difficult
for ITI to establish the reasons for
these differences because the details of
the analytical techniques used are

proprietary. However, the principal
factor to consider in terms of the
impact of these calculations on the

results of the WASH-1400 risk assessment
is that the temperature range cited 1is
well below the NRC peak clad temperature
limit of 2200 F. Thus, from the view-
point of reactor accident risk assess-
ment, the study believes that the ex-

pressed concern in this area is not
germane.

COMMENT 9

"The core meltdown and containment

response analyses in the draft WASH-1400
were found to contain many oversimplify-
ing assumptions.... It appears that
there are especially large uncertainties
in knowledge of the behavior of the core
and 1its surroundings once the core
melting begins. The significance of the
oversimplifying assumptions appears to
be due to their influence on the proba-
ble sequence of events, 1i.e., whether
the heating of the core is so rapid that
it melts before effective cooling is
restored, and, if effective cooling is
not restored, whether the containment
fails by excessive internal pressure or
by some other mode. For example, in
part of the containment failure analysis
in draft WASH-1400, it is assumed that a
molten core will generate considerable
carbon dioxide gas by decomposition of
foundation concrete containing limestone
aggregate. The analysis of some possi-
ble accident sequences shows this gas
providing sufficient additional internal
pressure to fail the containment before
the pressure is relieved into the ground

by the molten core penetrating the
foundation. The assumption that all
foundations contain gas-generating ag-

gregate appears to lead unrealistically
to higher risk estimates."

RESPONSE

EPA 1is correct in saying that simplify-
ing assumptions were made in the core
heatup, core meltdown, and containment
response analyses described in Appendix
VIII. In a number of instances more
sophisticated treatments could have been
utilized, but they were not considered

lTornado loadings did not play a.large part in the analysis and are not discussed any

further here.
in Appendix X.

The details of the tornado design adequacy investigation are covered




necessary. For example, in the calcula-
tion of surface heat transfer coeffi-
cients for the fuel pins during a LOCA,
simplified treatments were found to be
adequate because of (1) the essentially
adiabatic nature of the heatup for rods
that are not covered with water and (2)
the close coupling of the fuel cladding
temperatures to the water temperature in
areas where the rods are water-covered.
A detailed treatment taking into account
time-dependent changes in physical prop-
erties and heat transfer coefficients
would have had some effect on the time
of core melting but little effect on the
results of the analyses. For example,
analyses performed by ITI indicate that
the inception of core melting might have
been calculated to start about 10 min-
utes earlier if more detailed calcula-
- tions had been made. Such changes in
timing could potentially affect the
amount of radiocactive decay prior to
release or the time available for evacu-
ation after a warning is given. How-
ever, considering that the isotopes that
are large contributors to the predicted
conseguences have half-lifes longer than
1 day, changes in timing of 10 minutes
would not significantly affect the
amount of radioactivity released.
similarly, the evacuation model used in
assessing consequences (described in
Appendix VI) 1is insensitive to small
variations in timing. Thus, use of more
sophisticated calculational techniques
was not warranted.

With regard to the comment on restora-
tion of cocoling, it should be noted that
the study assumed that if the emergency
cooling injection system failed after a
LOCA, restoration of core cooling would
not prevent core melting. Because the
fuel cladding reacts exothermically with
steam as high fuel cladding temperatures
are reached, the time interval available
for remedial action 1is so small that
credit cannot be given for remedial
operator action.

As noted in the comment, the containment
response analysis assumed the presence
of a limestone concrete similar to that
used at some plants, although it is not
necessarily typical of the concrete used
in all plants. Because of the high car-
bonate content of the concrete assumed,
the calculations performed in Appendix
VIII should provide an upper bound on
the guantity of carbon dioxide and water
generated by concrete decomposition
during meltthrough. The study recog-
nizes that certain plants use basaltic

concretes that would not generate gases
in the quantities calculated. Extrapo-
lation of the study's results to such
plants is therefore somewhat conserva-

tive. It should be noted, however, that
the incremental gas contribution from
concrete decomposition is relatively
small for PWR analyses and the use of
basaltic concrete would not significant-
ly change the probabilities of overpres-
sure failure or . the +timing associated
with the various PWR sequences.

The role of noncondensable gases is more
significant in the BWR LOCA sequences.
In the analyses presented in Appendix
VIII, carbon dioxide evolved on the
decomposition 'of limestone concrete was
found to be one of the principal con-
tributors to containment overpressuriza-
tion. If a basaltic concrete were to be
used, no carbon dioxide would be
generated. These analyses, however,
considered only the hydrogen produced
during the initial core melting (i.e.,
by the 50% reaction of zirconium with
water) .

Hydrogen would also be generated from
reaction of the bulk o©f the remaining
zirconium with water and the reaction of
molten structural material with water
after reactor vessel meltthrough.

The additional hydrogen would be suffi-
cient to cause containment overpressure
failure, even in the absence of carbon
dioxide. Since the hydrogen generation
rate is somewhat uncertain because it
depends on the availability of water to
the melt as well as the available
surface area of the reactive materials
in the melt, the time of containment
failure may vary somewhat from that
calculated when considering limestone
concrete. It is clear, however, that
overpressure failure would occur prior
to containment meltthrough even under
somewhat optimistic assumptions regard-
ing the rate of hydrogen generation from
the molten material. Thus, the contain-
ment - failure modes for the various
sequences would not change significantly
if extrapolated to a BWR plant con-
structed of basaltic concrete,

COMMENT 10

"It would seem reasonable from the ex-
planation in draft WASH-1400 of the
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selection of the pressure at
containment of the example

basis for

which the
‘pressurized water reactor is assumed to

fail under accident-created conditions
to have selected a lower pressure. This
explanation should be expanded to
provide more justification for the high
pressure selected, because in a number
of possible accident sequences the fail-

ure pressure appears to be a determining

factor relative to release of radioac-
tivity to the atmosphere through the
failed containment wall or release into

the ground by the core melting through

the foundation."

RESPONSE

The containment failure pressure of 100
psia determined by the study represents
a nominal failure pressure for the con-
tainment. A containment failure proba-
bility of 0.5 was assigned for the
calculated pressure of 100 psia. The
containment failure probability was re-
presented as a continuous variable with
a normal distribution about this value.

It should be added here that the ITI
report recommended a value of 67.5 psia
for the minimum failure pressure. This

is roughly equivalent to the 20 lower
bound of 70 psia wused in the study.
Appendix E to Appendix VIII has been

rewritten to better clarify the approach
taken and the rationale behind the
nominal failure pressure selected.

COMMENT 11

"The draft WASH-1400 has also served to
call attention to problems associated
with the response to an accident to
mitigate the consequences to the public.
In dealing with an accidental release,
the evacuation model of draft WASH-1400
includes a warning time for evacuation
which apparently begins at the time of
awareness of impending core melt. In
order to show that the warning time for
evacuation is determined on a practical
basis, the final report should give
examples of the limiting conditions in
the plant which are postulated as bases
for the decision to warn the neighboring

population to evacuate, and the plant
instrumentation indications that will
tell the operator that the limiting

conditions have been reached."

RESPONSE

The warning time for evacuation is
defined as the interval from the time of
awareness of impending core melt to the
time of radiocactive release to the
atmosphere. It should be noted that the
warning times would be only slightly
longer than the interval between the
inception of core melting and the time
of containment failure. The operator
can determine if the engineered safety
systems are operating properly from the

temperature and pressure drop informa-
tion displayed in the control room.
Furthermore, containment pressure is
also monitored. Inception of core
melting would be accompanied by an
increase in the quantities of radioac-
tivity released to the containment in
certain accident sequences. This would
be detectable from outside containment
by means of appropriate portable
monitors or by sampling the containment
atmosphere.

It should be noted that section 7.4.2 of
the Main Report suggests that steps be
taken to ensure that existing evacuation

plans at nuclear power plants include
requirements for instrumentation and
monitoring pertinent to evacuation

warnings.

COMMENT 12

"...The consequence modeling assumptions

appear to underestimate the health
effects resulting from the accident
sequences associated with the larger

releases of radiocactivity."

RESPONSE

The Reactor Safety Study's reevaluation
of draft WASH-1400 and the comments
received indicated that the draft conse-
quence model had some deficiencies and
some errors. Therefore, an improved
‘consequence model was developed as a-
part .of the final report. This model is
described briefly in section 4 of this
appendix and in great detail in Appendix
VI. The results of calculations of the
effects of potential nuclear reactor
accidents are presented in chapters 5
and 7 of the Main Report. Section 4 of
comparison of
the draft and

this appendix includes a
in

the values computed
final reports.
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2.2 AMERICAN PHYSICAL SOCIETY STUDY
GROUP ON REACTOR SAFETY

A special American Physical Society
Study Group on Reactor Safety published
certain principal observations concern-
ing draft WASH-1400 in the Reviews of
Modern Physics, volume 47, Supplement
No. 1 (summer 1975). These observations
are presented in this section together
with the study's responses.

COMMENT 1

"We did not have the resources to carry
out an independent evaluation of this
aspect of the recent AEC Reactor Safety
Study (Draft WASH-1400), but we recog-
nize 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 various branches.”

RE SPONSE

The American Physical Society Study
Group on Reactor Safety (APSSG) state-
ment that it lacks confidence in the
ability to properly calculate the abso-
lute values of events having low proba-
bilities is somewhat understandable. As
indicated in section 1.2 of the Main
Report, "at the start of the Reactor
Safety Study... there was considerable
uncertainty about the applicability of
reliability techniques to quantitative
risk assessment and about the ability of
these techniques to achieve credible
estimates of the occurrence of events of
low probability. Experience up to that
time had indicated that application of
these techniques generally led to esti-
mates of failure of engineered systems
that were so small as to contradict
common experience."”

However, it is important to understand
the insights gained from the overall
accident sequences developed in WASH-

1400. As discussed in section 3.1.2.3
of this appendix, most of the accident
sequences that contributed to the over-:
all risk of reactor accidents are of the
form Pig x Pgp X PcFM X Pyc x Ppp.l It
is noted that this formulation was
carefully examined for potential depend-
encies between the various failure modes
and indicates how they were handled. It
is also noted that the values for Pr1g,
Pyc, and Ppp were established on the
basis of experience and measured data.
The fault tree methodology is applicable
only to one element, Pgr, whose contri-
bution to the overall accident sequence
probability is, in general, only about
10-2, PcrM Clearly represents . the
dependent failure of containment due to
core melt resulting from the combination
of PIE x Pgg and can generally be
thought of as having a value of 10-1,
Thus the entire engineering contribution
to accident sequence probabilities of
10~2 that have large consequences is
only about 10-3,

This relatively small contribution of
safety systems and containment to the
overall probability of large consequence
accidents 1is an extremely important new
perspective, derived principally from
the event tree methodology described in
section 3.1.2.1 of this appendix.? The
five-factor formulation indicates that
no single factor in an accident sequence
dominates the determination of risk and
that the engineering factors analyzed by
fault tree methodology represent only
one of the five factors. Thus, the use
of fault tree methodology, per se, does
not play a dominant role in the overall
guantification of risk.

Nevertheless, every effort was made in
WASH-1400 to complete an adequate quan-
tification of the prediction of system
failure probabilities by fault trees, as
described in section 3.1.2.2 of this
appendix. Previous work by others in
predicting the wunavailability of engi-
neered systems often yielded values of
10-9 to 10-8 or less. These unrealisti-
cally low values have led some people to
hold the view that the prediction of
excessively small failure probabilities
is an inherent characteristic of fault

lPIE = probability of an initiating event; Pgp = probability of failure of a safety
system such that when combined with P1g, produces core melt; PcrM = probability of
containment failure in one of a number of risks, given core melt; Pyc = probability

distribution of weather conditions; PpDp

to radioactivity.
2

probability distribution of people exposed

There is no intention here of denigrating the importance of having highly reliable

safety systems for use in nuclear power plants.




tree methodology. Section 3.1.1 of this
appendix presents the views and
experience of the National Aerocnautics
and Space Administration, the U.S.
Environmental Protection Agency, the
Systems Reliability Service of the
United Kingdom Atomic Energy Authority,
and the Reactor Safety Study--views
indicating that the methodology can and
has produced credible estimates of
system failure probability. Section
3.1.2.2 (para. 3) also indicates that
the values obtained for fault tree
predictions in WASH-1400 generally fell
in the 10-4 to 1072 range. These values
are significantly higher than those
early results of others mentioned above
and are in agreement with those that
were obtainable from experience.

COMMENT 2

"The Draft WASH-1400 analysis of
accident consequences should be redone
taking into account the modifications
discussed 1in our Treport, in order to
obtain corrected 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."

RESPONSE

An improved consequence model has been
developed as a part of the final WASH-
1400 report (see response to comment 12
in section 2.1 of this appendix).

COMMENT 3

"The technigques used in Draft WASH-1400
for the calculation of accident se-
guences and their probabilities should
be:

e employed to estimate gquantitatively
whether assumed subsystem failure
data are compatible with the observed
individual small accidents;

® used to provide parametric studies of
the effects of phenomena which are
ill-understood 1in the identified
sequences;

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

RESPONSE
As pointed out in section 1 of Appendix

II, in the draft report and section
3.1.1 of this appendix, the results of

the study's fault tree. predictions of
system and subsystem failures were
checked against failure data derived
from experience with operating reactors.
In those cases where data were avail-
able, the predictions matched the data
within about a factor of 2, which 1is
within the confidence bounds associated
with these values.

The study concurs with the suggestion
that future effort by the U.S. NRC be
devoted to further parametric studies
and refinements of the WASH-1400 work.

2.3 U.S. ATOMIC ENERGY COMMISSION
REGULATORY STAFF

The AEC Regulatory Staffs' review of
draft WASH-1400 was received on December
2, 1974, This review was performed by a
Regulatory Staff task force, which was
augmented with outside consultants. The
detailed review by the Regulatory Staff
and their comments were a significant
aid in preparing the final report. The
Regulatory Staff's principal comments
are presented below together with the
Study's responses  where appropriate.

COMMENT 1

"We Dbelieve that the Study represents a
significant breakthrough in the guanti-
tative evaluation of the risk to the
public from nuclear power plants. This
work 1is by far the most comprehensive,
systematic, quantitative effort yet con-
ducted in this field. It provides
information of a new dimension to assist
in making informed decisions when the
risk is a significant consideration. It
is therefore an important step in the
evolution of safety technology."

COMMENT 2

"The comparison of nuclear and non-
nuclear risks is a useful yardstick to
calibrate the reader's understanding of
the probability results, but the
treatment of risks should be more
consistent regarding onsite effects....
The Study results in the area of indi-
vidual risks would be more precise if
they included as a refinement the large
variability of such risks to the
individual arising from, for example,
differences in proximity to nuclear
plants or differences in proximity to
dams...."

RESPONSE

Since the principal objective of the
Reactor Safety Study was to perform a
quantitative assessment of the risk to
the public from reactor accidents,




onsite effects, such as property damage
to the plant itself, were not included
in the calculations. However, even if

they had been included, the overall
results of the study would not have been
affected significantly.

In regard to variability in individual
risk as a function of distance from the
plant, Appendix VI, section 13 has been
modified to include such considerations.

COMMENT 3

"...Some quite conservative (overly pes-
simistic) assumptions were made...
regarding the frequency of several ini-
tiating events and the criteria for the
successful operation of several engi-

neering safety features. Other assump-
tions, whose realism is difficult to
evaluate, were necessarily made in core

meltdown and containment failure ([se-
quences], where the available technology
base is not as firm as in other parts of
the calculations. Specifically, we
believe that the frequency of core
meltdown given in the study is sub-
stantially higher than reality, as are
the frequencies given for many of the
initiating events and the probabilities
given from some of the system failures."

RESPONSE

Where information was available, the

study attempted to treat physical
phenomena in a realistic manner. In
some areas, such as the phenomena

associated with core meltdown and con-
tainment failure modes, where data are
sparse, the study attempted to ensure
that its calculations were not unconser-
vative. Furthermore, it 1is believed
that the rather 1large error spreads
resulting from the analysis would cover
more realistic values. As additional
data become available, future studies
may well be able to perform more

realistic analyses, if they are deemed
necessary.

COMMENT 4

"The explicit inclusion of human error
in the fault trees 1s an important
improvement over previous evaluations,
as 1is the comprehensive and detailed

consideration given to common mode fail-
ures in all phases of the calculations.

The latter would be improved, however,
by explicit inclusion of related fail-
ures attributable  to design and

manufacturing errors, over and above the
"failure-rate coupling"...now included."
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RESPONSE

See section 3.1.4 of this appendix for a
full discussion of the handling of
common mode failures in the fault trees
used in this study and the response to
comment 7 in section 2.1 of this appen-
dix for a discussion of the incorpor-
ation of failures attributable to design
and manufacturing errors.

COMMENT 5

It was 1indicated that two events had
been identified that could potentially
affect the results of the Reactor Safety
Study: a control rod ejection accident
in the BWR and a seismic event more
severe than the safe shutdown earthquake
(SSE) .

RESPONSE

Draft WASH-1400 addressed potential rod
ejection accidents in BWRs and indicated
that their contribution to overall acci-
dent risks would be essentially negligi-
ble because of their low probability of
occurrence compared to potential acci-
dents that have similar consequences.
Because of the interest in this matter
by the Regulatory Staff and others, an
expanded analysis of a potential rod
ejection accident is presented in
section 9 of this appendix.

The discussion of severe seismic events
in section 5.4.1 of the draft Main
Report did not include a complete anal-
ysis of the potential effects on
potential accident risks of earthquakes
larger than the safe shutdown earth-
quake. This section has been rewritten
in the final report to include these
considerations in the analysis. How-
ever, the conclusion that earthquakes
are not expected to contribute
significantly to reactor accident risks
remains unchanged.

COMMENT 6

"The probability and consequences of the
release of significant amounts of non-
volatile material to the environment
during postulated disruptive events have

not been adequately addressed. The
results of alternative health effects
assumptions and the effe¢t on the
results of inclusion of the cost of
illnesses should be more thoroughly
presented."

RESPONSE

An improvéd consequence model was
developed as a part of the final report




(see response to comment 12 in section risk assessments for accident sequences

2.1 of this appendix). examined. The Committee believes that a
continuing effort and better data will
COMMENT 7 be required to evaluate the validity of
the gquantitative results 1in absolute
", ..More information on determining the terms. Special emphasis should be given
degree of sensitivity of +the [conse- to quantification of the initiators,
guence model] results to [potential probabilities, and consequences of core
variations in] the various factors would melting.
be valuable... A systematic discussion
of which quantities are important and "The Committee believes that the
which, if altered, would change the methodology of the RSS should be applied
results, would be helpful." to other types and designs of reactors,
other site conditions and other accident
RESPONSE initiators and sequences, and that the
P , . current efforts to compile, categorize,
Sensitivity studies that are broader in and evaluate nuclear experience should
scope than those .performed in draft be extended in breadth and depth to
WASH-1400 would  indeed be  useful. improve the data base for future studies
Studies of this type require an exten- of this type.
sive and careful effort to ensure that
the variations in consequences that are "The Committee believes, further, that
produced are associated with correctly the RSS can serve as a model for similar
stated ~ variations ~in  probability. studies of the failure probabilities,
Studies inveolving simultaneous varia- consequences, and resulting risks of
tions _in_ multiple parameters are even other hazards (both nuclear and non-
more difficult. nuclear) to the health and safety of the
AP . . public.
The sensitivity studies reported in
Appendix VI ~are of a more limited "The Committee believes that many of the
ngture. They involve the variations 1n techniques used in the RSS can and
single parameters that the = study should be used by reactor designers to

considers wuseful in lending additional

unalitative perspective to the results
of the overall consequence calculations.
Thi? i? true even though.ip some ~ cases "The Committee's review of the RSS has
variations 1in p;obabllltles gssoc1ated not caused the Committee to alter its
with these potential changeg in conse- judgment that reactors how under
quences could not be determined. construction or in operation do not
represent undue risks to the health and
safety of the public."

improve safety and by the NRC Staff as a
supplement to safety assessment.

More precise and broader sensitivity
studies should be performed in future
work of this type.

RESPONSE
2.4 ADVISORY COMMITTEE ON REACTOR The study agrees with the ACRS that
SAFEGUARDS (ACRS) efforts of the type reported in WASH-
1400 should be continued in the future
The ACRS review of draft WASH-1400 was and that risk assessments of the same
received on April 8, 1975. The ACRS type should be performed in connection
summary and the study's response are with advanced reactor designs such as
presented below. the liquid metal fast breeder reactor
and the high temperature gas reactor at
"The ACRS believes that the RSS an appropriate time.l while the study
represents a valuable contribution to believes that the extrapolation of the
the understanding of light water reactor results of the analysis of two reactors
safety in its categorization of hypo- to the first 100 1large 1light-water-
thetical accidents, identification of cooled plants is generally valid and
potential weak 1links for the two that the data base used in WASH-1400 for
reactors studied, and its efforts to estimating accident sequence probabili-
develop comparative and guantitative ties is adequate for the purpose

lA full-scale risk assessment effort as detailed as that pérformed in’ WASH-1400

probably could not be undertaken now because of the lack of sufficiently detailed
information. However, some work in the construction of event trees, and possibly
some fault trees would probably be useful.
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intended, draft WASH-1400 made the
following suggestions, as indicated in
section 7.4.2 of the Main Report:

1. It would be useful in the future to
pursue the variations in design from
plant to plant and from site to site
that could potentially affect the
applicability of the . WASH-1400
results to 100 reactors.

2. It would be useful to collect more
data on nuclear plant operating
experience for use in future
reliability and risk assessments.

The study further believes that a WASH-
1400 type assessment of water reactors
should be repeated in approximately 5
years. The intervening period should
permit. the collection of additional
nuclear power plant failure rate data
and the further development of the
methodology to permit more precise
assessments to be performed. It is
important that the collection of data
and the development of methodology be
pursued vigorously if these goals are to
be achieved.

Although the ACRS suggests that many of
the techniques used in WASH-1400 can be
used to improve reactor safety, WASH-
1400 does not address the need for
improvement or relaxation in reactor
safety requirements. This type of
decision should be made in another
forum, as already stated in section 7.5
of the Main Report.

2.5 UNION OF CONCERNED SCIENTISTS
(UCS)

The Union of Concerned Scientists'
comments on draft WASH-1400 were
received on November 22, 1974. The UCS
review was made in conjunction with the
Sierra Club, and the review team
consisted of a task force of 10
scientists and engineers from these
organizations. It was pointed out that,
due to the inadequate time provided for
review, the comments were preliminary
and the conclusions somewhat tentative.
No final comments had been received as
of October 15, 1975.

The six conclusions made in the
UCS/Sierra Club review and a discussion
of these conclusions are presented
below. All elements of the UCS/Sierra
Club review were carefully considered in
the preparation of the final report.
Specific UCS comments of a more limited
nature are discussed later in this
appendix.

CONCLUSION 1

"We have concluded that
tree/fault methodology if properly
utilized can be very helpful in making
comparisons between diverse system
designs, assessing relative improvements
from system component changes, or
identifying design weak points. We do
not believe, however, that the methods
can be employed as RSS has done to
determine absolute probability wvalues
for accident probabilities and to use
these predictions as proof of the safety
of nuclear plants. The many and
important residual uncertainties
introduced by use of the methodology
make this RSS application technically
unsound and unjustified. Experience
with manned and unmanned space mission
applications of these methods fully
supports our conclusions."

RESPONSE

The safety study staff believes that the
methodology developed and utilized for
WASH-1400 can and does provide
meaningful results to aid in the
evaluation of nuclear accident probabil-
ities and associated consequences. This
belief has been confirmed by others, as
indicated in section 3.1.1 of this
appendix. Section 3 of this appendix
provides an overview of the WASH-1400
methodology that readers will find
helpful in determining the validity of
the methodology and its application.

CONCLUSION 2

"We have concluded that the aggregate
consequences to human health of major
accidents evaluated by RSS are seriously
under-stated. We can conservatively
account for a factor of 16 in regard to
fatalities and acute illness. The value
may well be higher. Reevaluation of RSS
results, correcting only for this error,
using RSS methods, establishes that the
probability of killing 2300 persons and
injuring 5600 more in an accident is
increased over the RSS value by a factor
of 400. The accident probability
assigned by RSS to an accident of that
size is, on reevaluation of the
consequences, found to be the probabili-
ty of an accident in which 37,000 people
are killed and 90,000 made acutely ill.
Similar results occur for cancers,
genetic damage, thyroid illnesses, and
property damage."

RESPONSE

An improved consequence model has been
developed as a part of the final report
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(see response to comment 12 in section
2.1 of this appendix).

CONCLUSION 3

"There are serious implications of RSS
results for the country's nuclear
program that are either ignored or
incorrectly stated in the RSS report.

"1l. The concept of floating, or
offshore, nuclear power plants is
seriously damaged, based on the RSS
probability of reactor core melting
of 1 in 17,000 reactor years. This
concept is presently being
implemented and a number of plants
have been ordered. No protective
features are available for floating
nuclear plants to prevent immense
and persistent damage to the oceans
in the event of a meltdown
accident. The RSS probability is
unacceptably large. No mention of
floating plants is made in RSS.

"2. The consequences and the risk from
sabotage are seriously understated.
RSS does not address the problem of
determining the probability of
sabotage or of means of preventing
or mitigating it, an important
omission. RSS does, however, state
that the consequences will be no
worse than those accidents they
studied. We conclude this to be
incorrect owing to our conclusion
that an act of intentional and
malevolent ill will can frustrate a
great many of the normal factors
which can act to ameliorate the
size and consequences of a
radioactive release., Accordingly,
sabotage is felt by us to be able
to induce immense damage and is an
issue of great importance.

"We conclude that there are serious
implications concerning the nuclear

program to be drawn from RSS results’

that the report fails to acknowledge."

RESPONSE

Apparently the UCS overlooked section
1.9 of the Main Report of draft WASH-
1400, which pointed out that the scope
of the study included "only light water
cooled nuclear power plants of the type
now coming into operation.” The study's
results have been extrapolated to cover
only the first 100 large nuclear power
plants, which do not include offshore
plants. This matter is discussed in
greater detail in section 18 of this
appendix.,

The draft report was somewhat unclear in
its statements about the coverage that
had been given to the matter of
potential sabotage. Further information
that has become available has also been
added to the report. Sections 1.9(3),
5.4.6, and 7.4.2 of the Main Report have
been c¢larified 1in this regard. These
discussions are summarized in section 16
of this appendix.

CONCLUSION 4

"We have concluded that the new RSS
conclusions, even though based in part
on weak or inadequately documented
evidence, call into most serious
question the competence of the AEC in
its conduct of safety analyses on which
for a decade or more the major safety
assurances of the nuclear program have
been based. The RSS, both explicitly
and implicitly, admits the existence of
significant defects in these analyses."

RESPONSE

Contrary to the above view, the study
group believes that WASH-1400 provides
confirmation of the care and thorough-
ness exercised by large numbers of
dedicated personnel in industry and
government in having achieved the
relatively low levels of potential risks
in commercial nuclear power plants that
the study calculated. This belief was
stated in slightly different words in
section 7.1 of the draft Main Report as
follows:

"The results of the Reactor Safety Study
indicate that nuclear power plants have
achieved a relatively low level of risk
compared to many other activities in
which our society is engaged: Although
the study has developed some insights
that contribute to a better understand-
ing of reactor safety, the existing
relatively low 1level of risk has been
achieved principally by the effort of
industrial design, construction and
operation and by the efforts of the
AEC's regulatory process.”

CONCLUSION 5

"We conclude that RSS did not take
advantage of opportunities to verify the
capacity of a newly applied and contro-
versial methodology to contribute to
risk assessment. This is an important

.defect. We further conclude that as a

consequence the public is now asked,
again, to believe in wunverified and
inadequately-supported computer-support-
ed predictions."
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RESPONSE

As discussed in section 1 of Appendix
II, volume 1, of the draft report, the
study obtained data from field experi-
ence on two systems that were similar to
corresponding systems being evaluated.
The predicted probabilities of failures
for these systems were in good agreement
with the actual values. Other organiza-

tions, such as the Systems Reliability
Service in the United Kingdom, have had
experience in quantitative reliability

prediction technigques and have found the
results of these prediction techniques
to be in good agreement with experience.
See section 3.1.1 of this appendix for a
more complete discussion of this matter.

CONCLUSION 6

"We have concluded that the AEC's use of
this report is improper and wrong, and
that the report, because of its
limitations and defects cannot be used
to sweep away the doubts about reactor
safety. We have finally concluded that
the nuclear program is in great need of
a substantial, highly competent, and
disinterested review of all aspects of
the program's potential impact on public
safety. The USAEC's inhouse Reactor
Safety Study will not serve. It was not
disinterested, and it is technically
flawed, and its results are being
misused."

RESPONSE

WASH-1400 is a technical report prepared
by persons recognized to be competent in
their fields, and the study believes it
is inappropriate for it to enter into
consideration of motivations. The safe-
ty record of nuclear reactors has so far
been excellent, and the projected

potential risks are predicted to be
comparatively small. The report has in
essence been reviewed as suggested by
ucCs. A broad spectrum of our society,

representing many diverse veiwpoints and
fields of expertise, has been asked to
comment on draft WASH-~1400, and comments
were received from additional sources as
well. Especially thorough reviews ap-
pear to have been conducted of the con-
sequence area by such organizations such
as the U.S. Environmental Protection
Agency, the U.S. Atomic Energy Commis-
sion Regulatory Staff, the American
Physical Society Study Group on Reactor
Safety, and Resources for the Future,
Inc. Deficiencies and errors in ‘the
consequence model have been corrected.
The results of calculations obtained
with the revised consequence model are
compared with earlier results in section
3 of this appendix.

2.6 RESOURCES FOR THE FUTURE, INC.

The Resources for the Future, Inc.,
review was received on November 6, 1974.
This review also incorporated a review

of Appendix VI made by one of the staff
members of the National Resources
Defense Council, 1Inc. The detailed

comments received concerning Appendix VI
were a significant aid in wupdating the
consequence model for use in the
preparation of the final report.

The main points of the Resources for the
Future, Inc., review are as follows:

SUMMARY 1

"Turning to the broader questions raised
by our reading of the report, two strike
us as of special importance. The first
is the exclusion of the deliberate acts
of operating personnel from the scope of
the study. While there are obvious
analytical reasons for distinguishing
technological risks associated with sys-~
tem failures from risks associated with
system failures initiated or compounded
by deliberate operator actions, the
latter are very possibly more important
than the former. Their explicit inclu-
sion 1in any overall risk assessment of
this light water reactor is essential.”

RESPONSE

The draft report was somewhat unclear in
its statements about the coverage that
had been given to the matter of poten-
tial sabotage. Further information that

" has become available has also been added

to the report. Sections 1.9(3), 5.4.6,
and 7.4.2 of the Main Report have been
clarified in this regard. These discus-
sions are summarized in section 16 of
this appendix.

SUMMARY 2

"The second broad question raised by our
reading of the report and by the inter-
pretations of the report given the
broadest currency concerns the emphasis
thereby given to what is only a part of
the wuranium fuel cycle. The risks
relevant to overall technological risk
assessment are of course the risks
associated with the entire cycle. 1In
what appears to be a disproportionate
allocation of risk assessment effort to
what may be a relatively low - risk part
of the «cycle, " other risks -- notably
those associated with the transport of
hazardous materials and the diversion of
hazardous materials -- may be left
unestimated,
phasized and underestimated."
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RESPONSE

Section 1.9 of the Main Report of
draft WASH-1400 pointed out that the
scope of the study included "only 1light
water cooled nuclear power plants of the
type now coming into operation."” Its
results have been extrapolated to cover
only the first 100 large nuclear power
plants and do not include those risks
associated with the transportation of
hazardous materials and the diversion of
hazardous materials. This matter is
discussed in greater detail in section
17 of this appendix.

SUMMARY 3
"Among the narrower and more technical

questions raised in our reading of the
report we can perhaps point to Appendix

Vi, "An Assessment of Accident Risks in
U.S. Commercial Nuclear Power Plants,"”
as one source of our concern that the
technical apparatus of the report -- the
data base assembled and the models
employed -~ be subject to a thorough
review. We have appended to this letter
a list of what we believe are
questionable assumptions and procedures
employed in this Appendix. That list is
intended to be suggestive rather than
comprehensive, and is not to be taken as
our final comment on either Appendix VI
or the overall report."

RESPONSE
been

as a part of the final report
section

An improved consequence model has
developed
(see response to comment 12 in
2.1 of this appendix).
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Section 3

Reactor Safety Study Methodology

A large number of comments received from
many sources concerned the methodology
used in the study. These comments ad-
dressed both the general adequacy of the
methodology as well as individual items
of a more specific nature. The discus-
sion that follows 1is divided into two
parts: the first covers the adequacy of
the overall methodology and the second
covers the more specific points.

3.1 ADEQUACY OF THE OVERALL
METHODOLOGY USED IN THE
REACTOR SAFETY STUDY

The principal comments received concern-
ing the adequacy of WASH-1400 methodolo-
gy pertain to:

a. whether event tree and fault tree
methodology is capable of predicting
accident and system failure proba-
bilities

b. whether the capability exists to
properly define common mode (or
dependent) failures

c. whether all potential accident
sequences have been identified

d. whether adequate failure rate data
was available to quantify fault
trees

Comment a, regarding the capability of
fault tree methodology to produce useful
predictions of system failure probabili-
ties, is somewhat understandable in view
of the results of some early attempts to
quantify fault trees. 1In these cases,
failure to achieve useful results gener-
ally rested on one or more factors, such
as the inclusion of only hardware
failures in the trees and the use of an
inadequate failure rate data base.
Also, in some cases, higher degrees of
precision were sought than were achiev-
able, and these efforts were classed as
being inadequate. Since the earlier
attempts, however, considerable work has
been done to improve the methodology to
overcome these deficiencies. The study
believes that the fault tree methodology
as used in WASH-1400 produced meaningful
results. Sections 3.1.1 and 3.1.2.2
will discuss the adequacy of fault tree
methodology. :

Comments b through 4 suggest that the
methodology used in the study might not

have been capable of producing meaning-
ful and complete descriptions of all
conceivable reactor accident sequences
or meaningful predictions of their like-
lihood of occurrence, There appears to
be some opinion that the lack of
capability to define common mode fail-
ures adequately will prevent the suc-
cessful identification of all accident
sequences as well as the quantification
of fault trees.

It is important to understand that the
Reactor Safety Study does not purport to
have included in its results contribu-
tions from all conceivable accidents and
all conceivable common modes. The
important gquestion is not whether all
contributions have been included, but
whether the significant contributions to
risk have been included. Any final risk
or probability wvalue can be envisioned
as consisting of a large number of
contributions that must be combined.
The goal of an analysis is to include a
sufficient number of significant contri-
butions so that the results are
insensitive to further contributions.
The study's event tree and fault tree
methodology represents a systematic and
comprehensive method to help define the
significant contributions.

One of the vital elements in ensuring
that all significant contributions to
accidents are identified is the proper
handling of common mode failures. A
general perception of many scientists is
that the analysis of potential common
mode failures is limited principally to
considerations involving dependencies
among component failures within highly
redundant systems. It is thought that
the quantification of such potential
contributions, even within a single
system, cannot be done with any reason-
able degree of confidence; the idea of
coupling multiple systems together in
accident sequences appears to them to
make the handling of common mode
failures almost impossibly difficult.

This perception seemed generally valid
to the study when the work began because
it seemed that a great many combinations
of multiple-system failures would be
potentially possible in the ‘accident
sequences derived from event trees.
However, factors not normally considered
in previous analyses began to emerge
more clearly as the study progressed.




These factors, at least for light water
cooled nuclear power plants of the type
now being built in the United States led
to the following insights about the risk
assessments performed in the study:

a. There are many identifiable tightly
coupled interrelationships that
exist in potential accident se-
quegces in these nuclear power
plants. These include interrela-
tionships among the functions to be
performed, between the functions and

the systems provided to perform
those functions, and the systems
themselves. These interrelation-

ships, which are explicitly defined
on the basis of engineering know-
ledge and physical principles, have
the effect of reducing the number of
potentially conceivable interactions
by very large factors.

b. Many of the accident sequences
defined by event trees involved the
failure of only single systems as
opposed to multiple systems. Fur-
ther, the failure probabilities of
most of these systemg involved only
single failure type< contributions.
Thus, the Reactor Safety Study
accident analyses involved neither a
large number of highly redundant
systems nor the combinations of such
systems.

estimates of
high precision are not needed,
Thus, bounding and approximation
techniques of many kinds can be used
successfully to assess the potential
impacts of common mode failures. If
the results of the application of
such techniques do not impact within
the accuracy of the calculations,
then further analysis to define
potential additional common modes is
not needed. Where high degrees of
precision (e.g., system reliability
design) are needed, such bounding
techniques may not be useful.

c. In risk assessment,

1See section 2 of

interrelationships.

Appendix I

ZA single failure type of contribution has a probability equal to that of a
human error, or single test and maintenance

component (hardware) failure, single
contribution.
3Holmes & Narver, .Inc.; Iowa

for

a

Student Public

Concerned Scientists; Department of Health,
Environmental Control Problems, Inc.; Resources for the Future, Inc.; Amory Lovins;

William M. Bryan.
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Based on the above considerations, the
proper handling of common mode failures
throughout all stages of the analysis is
vital 1n determining the significant
contributors to risk and in predicting
meaningful accident and system probabil~

ities. Furthermore, there is a close
relationship between the ability to
define common mode failures and the

define the significant con-
tributors to risk. To the extent that
all significant common mode failures
cannot be determined, it is not possible
to say that all significant contributors
have been defined. The definition of
accident sequences in event trees and
fault trees must therefore include
extensive consideration of potential
common mode failures.

ability to

Section 3.1.2 discusses common mode
failures as a complete topic, pointing
out the contributions made to their
identification by event trees, fault
trees, and the statistical techniques
used in their quantification. Section
3.1.3 examines the way in which the
study determined the accident sequences
of significance. Section 3.1.4 de-
scribes the data base used in the
quantification of the event trees and
fault trees, Finally, section 3.1.5
presents some modeling considerations
associated with event trees and fault
trees. '

3.1.1 ADEQUACY OF FAULT TREE
METHODOLOGY

Many comments3

challenged the

fault tree methodology.

were received that
conceptual adequacy of
The principal

point of these comments was that fault
tree analysis 1is incomplete and is
unable to produce reliable quantitative

predictions of system failure probabili-
ty. It was asserted that the National

Aeronautics and Space Administration
(NASA) and the aerospace industry aban-
doned use of the fault tree technique
for this reason. The major reasons

cited for the supposed deficiencies in
fault tree methodology were:

more complete description of these

single

Interest Research Group; Union of

Education and Welfare; Pollution &




a. Fault trees cannot identify all
potential causes of system failure
and hence yield underestimates of
system failure probability.

b. Fault trees are subjective because
the analyst must decide which events
are to be incorporated into the
trees and which events are to be
omitted.

c. The results of the quantification of
fault trees cannot be relied on
because insufficient failure data
are available.

To obtain a balanced perspective in
discussing these comments, it is in-
structive to review those viewpoints
that support the adequacy of fault tree
methodology before proceeding with the
technical response to the principal
comments.

A letter of June 16, 1975, from the
Administrator of the National Aeronau-
tics and Space Administration to the
Chairman of the U.S. Nuclear Regulatory
Commission indicates NASA's current view
of the study's methodology.2 In sum-
mary, the NASA letter states that the
event tree and fault tree methodology
used in the Reactor Safety Study is an
effective technique and 1is capable of
producing numerical assessments of value
if the data base from which failure
probabilities are determined has suffi-
cient accuracy and content that is
applicable to the gquantification being
performed. It goes on to say that,
although NASA uses similar methodology,
it does not use the numerical portion of
the analysis because of the small data
base applicable to specific NASA
projects.

Mr. A. E. Green, General Manager of the
Systems Reliability Service (SRS) in
England and coauthor of the text
Reliability Technology, has also pro-

1

vided his views of this hatter.3s4 The
SRS group has been wusing reliability
techniques for a number of years, and
Mr. Green states that the group has
found the general methodology to be
competent, giving predictions that are
generally within a factor of 2 of
achieved failure rates. In support of
this realistic prediction capability, a
graph is cited from Reliability
Technology, which shows the close agree-
ment the SRS group has so far
experienced between predicted probabili-
ties and observed system failure rates.
The letter notes that this curve shows
that, for some 50 system elements, the
ratio of observed failure rate to
gredicted failure was within a factor of

Another comment that should be cited
here was contained in a letter® from the
U.S. Environmental Protection Agency
(EPA) dated August 15, 1975. The letter
is reproduced here, in part, as follows:

"Because of the significance of the
Reactor Safety Study toward establishing
the accident risk associated with nu-
clear power plants, we chose to review
the draft report of the study in two
phases. The comments from our first
phase review, an overall review of the
draft WASH-~1400, were transmitted to you
by our letter of November 27, 1974. The
second phase review was an intensive
examination of selected areas of draft
WASH-~1400 to determine if there were
deficiencies in their evaluations and to
estimate the significance of the defi-
ciencies with respect to the related
risk calculations in draft WASH-1400.
This effort provided a deeper apprecia-
tion of the degree of thoroughness with
which the Reactor Safety Study staff has
applied the study methodology and of the
sensitivity of the study results to
changes in individual parameters or in
single event probabilities.”

The procedures used in the study to help ensure the completeness of fault trees and

to achieve their reliable quantification are described in section 3.1.2.2.

2

This letter is appended to this section as Attachment 1,

3A. E. Green and A. J. Bourne, Reliability Technology, Wiley-Interscience, London,

1972.
4

5
in section 2 of this appendix.

Mr. Green's letter is appended to this section as Attachment 2.

This letter also contained some specific criticisms of WASH-1400 that are addressed
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"The results of our second phase review "l. Although the basic reliability
have not altered our opinion that the methodology is adaptable to Atomic
Reactor Safety Study provides a forward Energy Commission (AEC) projects,
step in risk assessment of nuclear power DOD and NASA experience has limited
reactors, and that the study's general usefulness in judging the validity
methodology appears to provide a system— of AEC's reliability predictions,
atized basis for obtaining useful as-
sessments of the accident risks where 2. The confidence that can be placed
empirical or historical data are pre- on reliability predictions is
sently unavailable." directly related to the extent of
previous testing or use of the same
The General Accounting Office (GAO), at or similar systems.
the request of Congress, made a review
of reliability data on weapons and space 3. Most early DOD reliability predic-

systems.l The conclusions of this

limited study are as follows:

1

The review,

tions are goals set for the
contractors or laboratories to

which was published on pages S 20775 and S 20776 of the Congressional

Record on December 9, 1974, is appended to this section as Attachment 3.
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achieve in development and produc-
tion. Most such goals are not
initially achieved in operations;
but equipment and component modifi-
cations, training, and experience
usually result in upward reliabili-
ty trends over a period of time.

4., Reliability of major new systems
cannot be accurately predicted
because of the many variables--
materials, training, maintenance,
and so forth--that are involved."

The study interprets the GAO conclusions
not as a criticism of the methodologies
as used in WASH~1400, but rather as a
confirmation that they can, if wused
correctly, predict realistic system
failure probabilities with reasonable
confidence. The study believes this
because the reactor systems analyzed in
WASH-1400 are not new and unigque but are
used in many reactors and are composed
of components that are the same as, or
similar to, those used in many other
industrial applications.

As a final point, it should be noted
that, although the current operating
experience with reactors is insufficient
to give measured values for system
failure probabilities in all cases,
sufficient system data were available to
permit checking the WASH-1400 predicted
failure rates for two systems against
experience. In these two cases, the
predicted and observed failure rates
were within about a factor of 2 of one
another, This result gives some confi-
dence that the fault trees and data used
in WASH~-1400 gave reasonably good
results.

1See Appendix II, volume I, section 1.

2

It is the view of the study that the net
impact of the GAO report, the NASA let-
ter, Mr. Green's letter, and the EPA
letter is to confirm, as a matter of
intellectual conviction and experience,
that fault tree methodology can produce
meaningful  results.2 The preceding
discussion seems to confirm that there
is a fairly broadly held view that the
methodology can serve its intended
function of realistic reliability pre-
diction and the 1limited (necessarily)
checking of system failure predictions
against field experience indicates that
reasonably realistic results were ob-
tained in the WASH-1400 implementation
of fault tree methodology.

The procedures used in the study to help
ensure the completeness of fault trees
and to achieve their reliable quantifi-
cation are described in section 3.1,2.2.

The discussion that follows in the next
several sections addresses 1in greater
detail many of the more specific reser-
vations that have been expressed about
the validity of the event tree/fault
tree methodology. Although the discus-
sion is directed principally toward the
identification of potential dependencies
and common mode failures, it also pre-
sents an overview that covers the
general completeness of the methodology
(which is closely related to the
identification of dependencies), the
specific techniques used to help ensure
completeness, and the handling of fail-
ure data. It is hoped that this
overview will provide the reader with a
better comprehension of the study's
methodology than did the widely scat-
tered discussion in the draft report.

It should be noted that, of those mentioned here, only the EPA (through a contrac-

tor, Intermountain Technologies, Inc.) performed some checking of the study's fault

tree results.
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Attachment 1

OFFICE OF THE ADMINISTRATOR

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C. 20546

JUN 16 1960

Honorable William A. Anders
Chairman

U. S. Nuclear Regulatory. Commission
Washington, D. C. 20555

Dear Bill:

In accordance with your request, we brought together a group
of Reliability and Safety Management people from both
Headquarters and from the Johnson Space Center to discuss
the Rasmussen Report on Reactor Safety with members of your
staff. Comparisons were made of techniques used, data bases
available, reliability prediction accuracies versus actual
experience, etc. The discussion produced a set of comments
with which NASA concurs and which we hope will be of value
to you in the preparation of your final draft of the Reactor
Safety Study. These comments are as follows:

1. The fault tree and event tree methodology used in the
Reactor Safety Study is an effective technique and is similar
to safety analysis methodology NASA has used.

2. This methodology is capable of producing numerical
assessments of value in making design decisions if the data
base from which probability of failures is determined has
sufficient accuracy and content.

3. NASA has not been using the numerical assessment
portion of the methodology because our data base is of small
size. This is due to the lack of repetitive missions and
changing hardware configurations. It has always been the
NASA policy to pursue hardware failures until the precise
failure mechanism is fully understood and to take immediate
corrective action to prevent failure recurrence. This cor-
rective action has created significant configuration dif-
ferences from shot to shot even within the small family of
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(Continued)

vehicles which might be considered repetitive--hence, the
small data.base from which to draw failure probability
information. ’ ’

4. NASA is not in a position to validate the numerical
assessments in the Rasmussen Study because of the extensive
efforts such a validation process would require.

5. NASA recommends that the NRC use the output of the
study for more than just risk assessment. The identified
systems engineering alternatives can be useful in making
trade-off studies on design and operational improvements and
these could be of value.

I understand that further discussions are planned with Quality
Control personnel from both our staffs to exchange experiences
in the inspection area. Please call on us for any further
assistance we might provide.

Sincerely,
| . .
w b
Lo RE

James C. Fletcher
Administrator




Attachment 2

Headquarters :
H UKAEA, Wigshaw Lane, Culcheth,
‘ Warrington,slaazr\:‘g;réi):te, WA3 4NE.
SY STEMS RELIABILITY SERVICE %?;Z?agr:g: ATEN 'Warr.ington Telex: 62301

A service to industry operated by the United Kingdom Atomic Energy Authority.

Ourref:  SRS/POL/5/2 S . Harwell Section : ‘
AEG/27 . : B521, AERE, Harwell Didcot, Berkshire.
Your ref: Abingdon 4141, Ext. -

‘ Please reply to: Culcheth

Mr Saul Levine

Project Staff Director

Reactor Safety Study

Nuclear Regulatory Commission

Washington DC 20555 28 April 1975

Dear Saul

When I visited Washington DC in January, we had a short discussion on the
correlation between predicted reliability characteristics and field experience,

As you are aware we have been associated particularly with land based plant equip~-
ment and systems involving electronics, electrical and mechanical items but excluding
structures., We have found that where we have applied quantatitive reliability
techniques of prediction, for example, for the failure rate of equipment then there
has been reasonable agreement with field experience when it has become known, In the
majority of the cases of this type which we have studied the agreement between the
predicted and practical failure rates has been within a factor of two to one. It has
also been our experience that in assessing the reliability of systems for safety
purposes it has not always been necessary to have precise reliability data to decide
whether or not the system is adequate,

As you know the Systems Reliability Service concerns itself with applying quantified
reliability techniques in cooperation with its Associate liembers. For your information,
I enclose in Appendix I a current list of these Associate iiembers, A typical 1ist of
the areas in which reliability assessments have been carried out is also enclosed in
Appendix 1I,

The results of the application of these techniques have been most encouraging and

there is a continuing and expanding demand for this type of quantified assessment,

In addition such assessments are very useful in contributing to certain aspects of
decision making and for injecting discipline into design analysis, For your information
I give in Appendix III a list of a few references which cover some of the aspects which
I discussed with you.

Initially you may like to look at Pages 541 to 9553 of reference 7 for some overall _

discussion. For some 50 system elements which we studied, the ratio of observed failure
rate to predicted failure was between 0,26 and 2.6 (Figure 13.4). The other references

of which I enclose copies should give you a little more specific information.
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Needless to say in the development of any technology such as reliability technology
we are continuously developing and investigating the methods and I would be
interested to have your comments,

Yours sincerely

A E Green
General Manager
National Centre of Systems Reliability




Attachment 2 {Continued)

SYSTEMS RELIABHLITY SERVICE

A service to Industry operated by the United Kingdom Atomio Energy Authority

ASSOCIATE MEMBERS

As at April 1978

Danish Atomio Energy Commission

Reactor Division, QOak Ridge National Laboratory, USA
Central Eleotricity Generating Board

Security and Control Division of CNEN, Italy

Civil Aviation Authority -

Imperial Chemical Industries L1mited

Fast Reaotor Design Division of CHEN, Italy

Junta de Energia Nuclear, Spain

Atomio Energy Board, South Africa

Commission des Communautes Europeennes, Belgium

AE & CI Limited, South Africa

Department de Surete Nuoleaire, Centre d'Eiudes Nuoleaires de Saolay, Franoe
DRAM Project, Norway

British Gas Corporation, Newcastle upon Tyne

Forsvarets Teletekniska Laboratorium, Sweden

MOD(N)

Teohnical Research Centre, Finland (TRCF)

South of Socotland Electricity Board

European Space Researoh Organisation

Motor Columbus, Switzerland

United States Atomio Energy Commiseion

Centeo =~ West Germany

Shell International, The Hague

British Petroleum Company Lid.

Laporte Industries Limited

NIRA, Genoa, Italy

Pilkington Broa. Ltd.

Nuolear Installations Inspectorate of Depariment of Energy
British Nuolear Fuels Ltd.

The Mining Research and Development Establishment of The National 0oal Board
PPG Industries Inc., USA

AJi.N. (Ansaldo Hechanico Nucleari), Genoa.

Nypro (UK) Limited.

C.As Parsons & Co.Lid.

Instituto Eletiroteonico Nazionale Galileo PFerraris, Turin, Italy
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Appendix IL

Nuclear reactors

High pressure die casting machines

Criticality monitoring and alarm systems

Normal and standpy electrical supply and distribution systems
Chemical plant automatic protective systems

High pressure relief gnd protective systems

Electronic and electro-mechanical logic sequence circuits and systems
Hazardous gas alarm systems

Medical engineering equipment

Plant measurement and control systems

Cooling water systems and their associated controls
Investigations of repair and maintenance characteristics
Actuator systems

Fire detection and control systems

‘Emergency electrical generating systems

Marine engine- control systems

Chemical plant hazard evaluations

Plant availability studies

Boiler feed systems and sequence contro.l systems

Electronic and control equipment evaluations.
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APPENDIX III

EAMES, A. R. "Reliablility Assessment of Protective Systems",
Nuclear Engineering, March 1966,

GRE:N, A. E. "Reliability Prediction", Institute of Mechanical
Engineers, 1969,

BOURKE, A. J. "General Results of an Investigation into the
Reliability of High Pressure Die Casting Machines", S.R.,S Generic

Report No. SRS/GR/5.

GREEN, A. E. "A Review of System Reliability Assessment", S.R.S
Generic Report No. SRS/GR/20,

BOURNE, A. J. "Reliablility Assessment of Technological Systems”,
Institution of Electrical Engineers, 19th October, 1971.

EAMES, A. R, "Principles of Reliabilityfor Nuclear Reactor Control
and Instrumentation Systems", U.K.A.E.A. Report No., SRD R1l,

September 1971,

GREEN, A. E & BOURNE, A. J. ‘'Reliability Technology', Published
by John Wiley & Sons, 1972,
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Attachment

3

COMPTROLLER GENERAL OF THE UNITED STATES
WASNINGTON, D.C. 20348

B-164105

The Honorable Mike Gravel
United States Senate

Dear Senator Gravel:

This is in reply to the letter of July 31, 1974, signed
by you and Senators Proxmire, Clark, Hart, and Brooke, asking
us to compare reliability predictions for defense and space
programs with actual performance and to provide some guidance
on the value of reliability predictions. Your request was
based on concern over how much confidence could be placed eon
reliability predictions for nuclear power reactors, particu-
larly the possibility of catastrophic accidents.

We studied Department of Defense (DOD) and National
Aeronautics and Space Administration (NASA) documents and
other literature relating to reliability predictions, ex-
perience, and estimating methodology. We also interviewed
experts, both within and outside the Government, to ascer-
tain their views on this subject. From this limited study
we conclude that: .

1. Although the basic reliability methodology is adapt-
able to Atomic:- Energy Commission <AEC) projects, DOD
and NASA experience has limited usefulness in judag-
ing the validity of AEC's reliability predictions.

2. The confidence that can be placed on reliability
predictions is directly related to the extent of
.previous testing or use of the same or similar

systens.

3. Most early DOD reliability predictions are goals
set for the contractors or laboratories to achieve
in development and production. Most such goals are

- not- initially achieved in overations; but egquipment
and component modifications, training, and experi-
ence -usually. result in upward reliability trends
over a period of time. .- - . -

4. Reliability of major new.systems cannot be accu-.
rately predicted because of the many variables--
materials, training, maintenance, and so forth--
that are involved. o
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B-164105

Outlined below are the data we developed on reliability
predictions, actual reliability, and specific systems per-
formance.

RELIABILITY PREDICTION

Reliability experts are reluctant to make absolute
predictions at the outset of new systems, mainly. because so
many variables are as yet unknown or unquantifiable. On the
other hand, if the configuration is one of a well-understood
series or similar to other tried configurations, test and
experience data can often be extrapolated:with some confi-
dence. NASA and DOD interviewees believe- that thorough ‘test-
ing in the intended operational environment and extensive
experience data are the best guides to predicting reliability.
Predictions are made during development, but these are "used
for comparison only--to choose among design alternatlves,
candidate components, and so on.

puring development, reliability engineers use predic-
tive models based on component testing. To anticipate the
frequency of rare occurrences, tens of thousands of compo-:
nents must be analyzed to establish failure rates and to try
to uncover some of the "unknown unknowns”' that beset complex
designs. This procedure can be costly and time consuming -
without producing all the answers about how a system will
perform. Even though failure rates may be established
through exhaustive testing, they are often modified by
engineering judgment. For. example, a manufacturer's stress
ceiling on a critical component might be halved to temper
the uncertainty of a reliability calculation.

Because o0f the uncertainties and inherent limitations
in their ability to predict reliabilty, most engineers be-
lieve that an expressed level of reliability should be a
goal rather than a confident prediction of how a new system
will perform. TReliability goals, in their view, are gquides
for analyzing designs, selecting and testing critical compo-
nents, providing for redundancies, choosing backup parts,
and deciding on failure-avoidance measures.

Some officials look on contract-specified reliability
figures as optimistic possibilities rather  than supportable
figures. One official termed contract-seecified reliabil-
ity numbers as “"window dressing." Another expert said that
accurate predictions may be unpopular or politically unaccept-
able. A recent Air Force report states that:

2
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B-164105

“* ® o yhere a manufacturer is interested in
having his equipment look good he 'can, and will,
select some of the more optimistic. data he can -
find or generate, to use in his reliability
predictions. Thus reliability predictions, for
several reasons, tend to be generally optimistic
by a factor of two to six, but sometimes for sub-
stantially greater factors."

ACTUAL RELIABILITY

Actual reliability in operations is affected by many
variables. For example, changes in humidity, temperature,
vibration, and shock cause problems in electronic systems. .
Buman error, "wear-out," shipping, handling, and various
maintenance practices are other causes of system failure.
(NASA found that an intensive "people motivation" program
improved overall reliability.) .

Many problems are due to design "unknowns" not predict-
able or quantifiable during development. For example, one
NASA official told us that six redundant components had
failed on one system. If such a contingency could have
been anticipated, the design would have been changed or
further redundancy or backup parts added.

Reporting of actual reliability data is sometimes in-
adequate so that predictions versus achieved performance
for systems and subsystems can be misleading. A recent
Defense Advance Research Projects Agency report stated
about defense systems:

"There is no routine field-reliability reporting
system in DOD that can provide meaningful feed-
back to producer commands and to manufacturers

on the field reliability of electronic subsystems.
Existing maintenance data collection systems ® * *
do not perform this function adequately. Moreover,
there is considerable confusion in the terms used
to describe reliability * ® *, Thus field infor-
mation is ambiguous at best.”

NASA, on the other hand, with its "one shot" systems
gets quick notice of failures, although the causes may not
be readily ascertainable.
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MAJOR SYSTEMS RELIABILITY DATA

The information on reliability of various defense and
space systems shown below was developed by DOD, NASA, and
other sources. We did not verify their accuracy, nor did we
attempt to define what was meant by. system reliability in
each case. The data, therefore, is useful only for compar-
ing initial estimates with later experience--system by system,

Selected Acquisition Reports (SARs)

These documents are published periodically by DOD to
report technical schedules and cost information on certain
major weapon systems. Nomenclature in the SARs varies; for
example, the criteria. for missile system performance are
variously "system reliability,"” "in-flight reliability,"
"preflight reliability," "developmental prototype reliabil-
ity," or "production prototype teliabillty.“ They are seldom
defined. Combat reliability, which' is usually a fractlon of
laboratory or test range levels, is not shown.

XI 3-18




Attachment 3

(Continued)

B-164105

Blectronic subsystems

Electronic subsystems apparently present the most
reliability problems. A recent Defense Science Board re-
port presented the following data on the specified versus
actual mean time between failures (MTBF) (hours) of aircraft
radar subsystems.

Specified Achieved
MTBF MTBF

Aircraft (note a) {note a)
F-4B 10 C 4
A-6A 75 8
F-4C 10 9
P-111 A/E 140 - 35
F-4D 10 10
A-7 A/B 90 30
A-7 D/E 250 12
F-4E 18 10
F-111D 193 less than 1
F-4J 20 5

a/ Approximate figures.

NASA systems

NASA experts believe that "absolute” reliability numbers
are misleading and that the time required to develop them is
better spent on critical-component reliability analyses. It
does make predictions during development to compare design
alternatives and to evaluate components. NASA's reliability
experience to 1974 can best be illustrated by its history of
launch successes, which average about 85 percent. Only in
small samplings, it will be noted, is 100-percent reliability
achieved.
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NASA Launch Vehicle Performance
. .. Success
Vehicle . Total Successes ' . percentage

Mercury Blue Scout 1 0 0
Juno II 10 4 40
Jupiter C 1 0 0
Thor-Able S 3 60
Vanguard 4 1 25
Atlas-Able 3 0 0
Atlas 11 9 82
Thor 2 2 100
Little Joe 7 7 100
Little Joe II 5 4 80
Scout X 1 ] 0
Scout 57 51 89
Redstone 5 5 100
Thor-Delta 99 90 91
Thor-Agena 13 12 92
Atlas-Agena 26 20 77
Atlas-Centauer 32 26 81
Saturn 1 10 10 100
Titan II 12 12 . 100
Atlas X-259 2 2 100
Gemini (Atlas-

Agena Target) 6 4 67
Saturn 1B 8 8 100
Saturn V A3 A2 92

Total 333 282 85

As far as we could learn during this brief review, DOD
and NASA officials can offer little guidance as- to how very
rare failures or catastrophic accidents to systems can be
anticipated, avoided, or predicted. Failure rates for most
engineered systems cover a very wide range. According to
several reliability experts, simple mechanisms (ordnance
fuzes) or systems liable to incur human losses have failure
rates of 1 in 1,000 to 1 in 100,000 occurrences.

NASA goes to extraordinary lengths--reliability cost
is hardly an object--to prevent disasters in manned space
vehicles and has the singular advantage of vehicle occupants
prepared to make onboard repairs. Still, three astronauts
were lost in one vehicle. The Soviets suffered similar losses

6
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in other attempts. No one can tell if and when such cata-
strophic failures will be repeated.

If you have any further questions on these matters, we
shall be glad to discuss them with you and your staff.

Sincerely yours,

Z:: ﬁ\' A

Comptroller General
of the United States




THE HANDLING OF POTENTIAL COMMON
MODE FAILURES IN OVERALL RISK
ASSESSMENT

3.1.2

As is stated in WASH-1400, the heart of
successful risk assessment and a princi-
pal factor in determining the adequacy
of the event tree/fault tree methodology
is the proper identification of poten-
tial common mode failures. The success-
ful definition of common mode failures
is necessary to help ensure that all the
significant contributing accident se-
quences have been defined and that the
probabilities of occurrence of the acci-
dent sequences have been adequately
predicted. Many of those who have
considered the problems associated with
defining low-probability events and
their 1likelihood of occurrence find it
reasonable to question whether the capa-
bility exists to perform such a task,
due principally to the uncertainties
involved in the handling of common mode
failures. In fact, as noted in WASH-
1400,l this was one of the major uncer-
tainties recognized from the beginning
of the study.

In the risk assessment performed in
WASH-1400, +the identification of common
mode failures was an integral part of
the construction and quantification of
event trees, of the construction and
gquantification of fault trees, and in
the handling of failure data. Only by
considering these three elements in
concert (i.e., event trees, fault trees,
and data) can one gain the necessary
perspective concerning the validity of
the handling of common mode failures and
of the overall use of the methodology in
WASH-1400.

lMain Report, section 1.7 c.

"that is in

3.1,2,1 Event Tree Methodology and Its
Contributions to Common Mode
Failure Considerations.

As described extensively in Appendix I,
an event tree begins with an initiating
event, and proceeds to define the possi-
ble outcomes of such an event. These
outcomes are determined by all the
physically possible permutations2 encom-
passed by the successful operation or
failure of all the applicable systems
installed in the nuclear power plant
that can cope with_the effects of the

initiating event. Thus, since all ap-
plicable systems that c¢an affect the
course of events are included, the con-

struction of each event tree encompasses
a set of potential accident sequences
essence complete for that
initiating event. All the event trees
used for the PWR reactor' analyzed in
WASH-1400 have, for example, encompassed
approximately 130,000 potential accident
sequences that could conceivably involve
millions of potential common modes at
the system failure level. Clearly the
question of whether one can quantita-
tively handle such a large number of
dependencies is extremely pertinent.

Fortunately this problem has a solution
since there exist logical methods for

eliminating consideration of the vast
bulk of these potential accident se-
quences and their associated depend-
encies. These methods are based on
detailed knowledge of the design and
engineering principles involved in
nuclear power plants--principles that

permit the elimination of physically
meaningless sequences from the mathemat-
ically complete trees. As a further

2The methods used to ensure that "all physically possible permutations” of events are
included in the event tree are discussed extensively in section 2 of Appendix 1I.
These methods include the ordering of event tree headings in accordance with their
relationship to the course of events involved in potential accident sequences and

the use of conservatively selected, discrete definitions of system operability
success and failure as a function of time.
3The reader is also referred to section 2 of Appendix I for a more complete discus-

sion of the 1logic of event tree construction. It should be noted here that the
event trees used in this study differ significantly from the more conventionally
used decision trees. 1In general, decision trees are the representation of a process
in which the adequacy of the tree depends principally on the skill and judgment of
the analyst 1in properly conceptualizing the area under consideration. While this
type of skill applies to some degree in the event trees developed in WASH-1400, the
analyst is aided considerably because the elements of the trees are physical
entities that exist in the nuclear power plant and the processes involved in the
tree follow engineering and physical principles. The understanding of the details

of plant design and of these physical principles aid the analyst greatly in ensuring .

" a proper conceptualization for the reactor event trees.
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step, the use of probability discrimina- volved in potential LOCA accident se-

tion among sequences having similar quences. Figure XI 3-2 is the same
‘ outcomes permits the further elimination representation, except that the number
e of those sequences that do not contri- of sequences has been reduced from those
bute to the 1likelihood of specific that are mathematically possible to en-
outcomes, These techniques are de- compass only those that are physicall%
scribed below. meaningful on an engineering basis.
For example, in those sequences involv-
Figures I 2-1 through I 2-8 of Appendix ing core melt, since it is known that
I show the development of LOCA event the containment will surely fail,
trees in which the initiating event is a choices on success or failure of con-
pipe break (PB) and in which the func- tainment integrity have been logically
tions to be performed after the pipe eliminated.4 Further, where electric
breaks are listed.l,2 Figure XI 3-1 power (EP) has failed, no choices have
shows the possible choices of success or been shown for any functions because
failure of each of the functions in- none can operate without electric power.

Where the reactor trip (RT) has failed,
no choices are shown for emergency cool-
ing injection (ECI), emergency cooling
accunmulator (ECR) , and containment

s1 integrity (CI) because the core would
______{:::::iggggég z melt from the failure of reactor trip
s4 alone. Where ECI has failed, the ECR
ss choice and CI choices are similarly of
______{::::::Egggggé - no physical significance because, again,
ss the core would melt. Where post acci-
s9 dent heat removal (PAHR) has failed, CI
______{::::::Eé;g;g; s10 will fail due to overpressure from core
o decay heat and ECR will fail as a result

of CI failure.

PB RT ECC PARR PAHR Ci

PB EP RT ECI PARR PAHR ECR Ci

S17

S18 s1
s2

S19 s3

$20 sa

s21 S5
522 '_—‘ s

s7
$23 s8
S24 $9

s10
526 s12
s27 513
e e =

Si5

$29 516
S30 517
$31
$32

Fig. XI 3-2., Functional LOCA Event Tree
Fig. XI 3-1. Illustrative Event Tree Showing Effects of Inter-
for LOCA Functions relationships

1Figures I 2-1 and I 2-8 are reproduced here for the convenience of the reader as

Figs. XI 3-1 and XI 3-2, respectively.

2The reader 1is referred to section 2 of Appendix I for the definition of terms and

for a more complete discussion of these event trees.

3A few other changes have been made, such as the addition of electric power (EP) to
the tree and the substitution of emergency cooling injection (ECI) and emergency
cooling recirculating (ECR) in place of emergency core cooling (ECC). This logic is
explained in Appendix I, section 2.

4A separate event tree to define the interrelationships among, and the probabilities
‘ of, the various potential modes of containment failure is developed in section 2.2
of Appendix I.




From this brief description of the engi-
neering basis for the elimination of
system choices, it can be seen that the
elimination of accident sequences has
not been arbitrary or judgméntal, but is
based on the systematic application of
the engineering knowledge and principles
involved in the relationships among the
various systems and functions. The re-
duction of the event tree in Fig. XI 3-1
to that in Fig. XI 3-2 1is of great
importance in the handling of common
mode failures and the ability of the
methodology to 1logically reduce the
analysis to a tractable size. A tree
with the headings in Fig. XI 3-1,
showing all possible choices of success
and failure, would have yielded 128
potential accident sequences, involving
896 dependencies if all sequences were
considered.l The application of engi-
neering principles to this tree has
trimmed it from 128 to 17 accident
sequences and from 896 dependencies to
79 system-to-system dependencies.

In considering the total number of event
trees involved in the overall study,?2 it
can be seen that over 100,000 potential
accident sequences involving millions of
potential dependencies were screened to
arrive at a relatively small number of
remaining potential interactions that
were physically meaningful and needed
further investigation. This small num-
ber of interactions made it feasible to
perform meaningful analyses and quanti-
fication of the remaining accident se-
quences., The great ability of the event
trees to reduce 1large numbers of se-
quences and dependencies applies to
situations involving tightly coupled
systems 1like the nuclear systems ana-
lyzed in the study; this conclusion may
not be broadly applicable to other tech-
nological designs.

A second important stage of screening
and reducing potential common modes lies
in considering the accident sequence
outcomes (radioactive releases) and dis-

1
having n possible dependencies.

2Appendix I, sections 4 and 5.

3Figure XI 3-3 is Table 3-4 of Appendix V.

4

criminating among the sequence probabil-
ities. Accident sequences having simi-
lar releases can be grouped together and .
the sequence probabilities added to ob-
tain the total probability for each of
the releases. For a particular release,
high-probability sequences that occur in
the grouping dominate the lower proba-
bility sequences and also tend to
suppress the importance of any potential
common mode effects in these lower
probability sequences, In summing the
sequences to determine the probability
of that release, only those high-proba-
bility sequences need then be retained.

Figure XI 3-3 shows a list of all the
150 accident sequences derived from the
combined PWR large-LOCA and containment
event trees.3 These sequences have been
grouped and arranged in two ways:

a. In columns by radicactive release
categories; i.e., by grouping to-
gether all sequences that would
result in radiocactive releases of
similar magnitude. '

b. By their 1likelihood of occurrence;
i.e., the sequences shown as the
dominant sequences are the ones that
dominate the probability of occur-
rence of each release category. The
sequences designated as "other" are
of sufficiently low probability that
they do not contribute to the sum of
the dominant sequences. Bounding
techniques were used in making this
probability discrimination; double
and triple failures were assumed to
be single failures in obtaining
maximum values for the sequence
probabilities below the line. These
maximum values were compared to the
dominant sequence probabilities and
were not found to impact on the
dominant probabilities.4

Examination of the dominant sequences
for all PWR event trees shows that the
probability discrimination technique has

In the counting of dependencies, a sequence having n system choices is taken as

The criterion was that the maximum value had to be approximately two orders of

magnitude less than the median value dominant probabilities in order to account for

uncertainties in the data.
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(a)
AL

TABLE V 3-4 PWR LARGE LOCA ACCIDENT SEQUENCES vs. RELEASE CATEGORIES

Core melt { No core melt

Release Categories

1 2 3 4 5 6 7 8 9
Dominant Large LOCA Accident Sequences With Point Estimates
AB-o AB-vy _ AD-a ACD-8_ AD-B AB-€ AD-¢ _ A-B A _
1a0-11 | 110710 [ 2x1078 | a0 | axio™® | k1079 | 2x107® 2x10-7 | 1x107
AF-a AHF-y AH-o _ AH-B ADF-¢ _ AH-¢ _
1x10-10 |-2x10”t | 1x1078 3%1077 2x10710 | 1x107°
ACD~q AB-§ AF-§ _ AHF—-e_
sx10-11 |ax 10711 | 1x1078 1x10710
AG-a AG-8
9x10~-11 9x10~9
Other Large LOCA Accident Sequences
ACDGI~a ADF-B AHG-a ACDGI-B AHI- B ACHGI- ¢ AHG—§ Al- Al
AHFI-a AHFI-6 AHGI— ADG- B AHG- B AHFI- ¢ AHGI- § AC-g AC
ACHF-o. ACHF-§ ADF-~q ACDI-B AHGI-B ADFI- ¢ AHGI- ¢ ACI-g ACI
ACDI— ACHF-y ADFI— ACDG-B ADI-g ACDF- ¢ ACH-
ACDG~a ACDF-v ACH~a ADGI- B ACH-8 ACDGI-¢ ACHI- €
AGI-a ACEF-v ACHI~a ACE- B ACHI-B ACHF-€ ACHG- &
AFT-a AHFI-B ACHG-a ACEI- B ACHG—8 AEF- € ACHG- €
ACG-a ADFI-B ACHGI—o ACEG- B AE~ B AEFI-¢ ACHGI- €
ACGI-o ACHF-B AGI-~$ ACEGI-B AEI-B ACEF-£ ACDI- ¢
ACF-a ACDF-8 AFI-$ AEG-B ACEGI-¢ ACDG- §
ACDF-o AHF-8 ACG-$§ AEGI-8 ACDG- €
ACEI— AHFI-y ACGI-§ ADG- §
ACEG—o AEF-8 ACF~§ ADGI-S
ACEGI-o AEFI-8 AHI~q AHG- €
ACEF-a ACEF-8 ADGI-u ADI- €
ACE-o AEF-§ ADI-~o ADG- €
AHF-o AEFI-§ ADG~a ACD~¢
ACEF-§ AE-q ADGI-¢
AB-B AEI-q AHI-€
AHF-8 AEF~q AE-¢
AEFI-a AEI-¢
AEG~0, ACE-¢
AEGI-a ACEI-¢
ACEG-¢
ACEG-§
ACEGI-$
ACHGI-$
AEG-6§
AEGI-$§
AEG-¢
AEGI-¢
3x1070 [ 2510710 5 5208 [1x20 75200 1x100 | 3x10%] 2x1077| 1x 107

(a)

'Ep is the arithmetic sum of the probabilities of the accident sequence in each release category.

Fig. XI 3-3. Reproduction of Table V 3-4 of Appendix V




reduced the approximately 650 accident
sequences to 78, or by roughly an order
of magnitude.l Thus the use of the
event trees and probability discrimina-
tion has reduced the total number of
accident sequences of interest from
about 130,000 to 78. To summarize, this
reduction was accomplished by (1) the
elimination of physically meaningless
accident sequences (a reduction from
130,000 to 650) and (2) the elimination
of Jlow-probability accident segquences
that have similar releases to those of
much higher probability (a reduction
from 650 to 78).

Examination of these 78 sequences re-
veals that they have the general form
that includes the frequency of occur-
rence of some initiating event (PlE)
times the probability of system failures
(Pgr1 X...x Pgpp) times the probability
of one of the several possible contain-
ment failure modes (PcpMm). . A detailed
look at each of the 78 sequences shows
that 48 of the sequences have the
general form of Py x Pgr xPcFPM and 3
sequences involve single events.
Hence, 51 sequences involve the failure
of only a single .system or a single
element; that is, at the system level,
there can be no potential common mode
failures in these sequences simply be-
cause there is only one system per se-
quence.3 Potential common mode failures
between systems and their components
thus need be considered in only the
remaining 27 sequences. Examination of
Fig. XI 3-4 reveals that these 27 se-
guences involve only six different com-
binations of two-system failures; thus
potential common mode combinations be-
tween systems had to be investigated in
only six cases.

The foregoing discussion leads to the
extremely important conclusion that
accident sequences that determine the

probability of radioactive releases in
reactor accidents are dominated by
single-system failures. Furthermore, as
will be discussed in section 3.1.2.2,
the bulk of the predictions of system
failure probabilities are also deter-
mined by single failures and single
causes of failures within the individual
systems. Thus it can be concluded that
the probabilities predicted for reactor
accidents are generally dominated by
sequences having single-system failures
and single causes of failures within
systems.

As a final step 1in the assignment of
values for the probability of occurrence
of the various release categories in
Fig. XI 3-4, it was necessary to take
into account the uncertainties and vari-
ations in radiocactive release magnitudes
for the accident sequences. These vari-
tions are physical realities and can
result from perturbations in the physi-
cal processes (temperatures, pressures,
radiocactivity removal efficiencies,
etc.) involved in the accident sequences
and in the precise timing of the various
failures involved in the sequences.,
Such wvariations make it possible for a
particular sequence to have some proba-
bility of being in more than one release
category.

Since the values calculated for the ra-
dicactive release magnitudes for the
sequences represented best estimates, it
was necessary to assign a distribution
of release .magnitudes for each of the
sequences in the various release cate-
gories. All  accident sequences in a
particular release category were as-
signed . a 10% chance of being in the
adjacent categories and 1% chance of
being 1in the next adjacent categories.
This in essence was a smoothing effect,
which 1is discussed in greater detail in
Appendix V, section 4.1.2.

lSee Fig. XI 3-4 which is Table 3-14 of Appendix V. The number of sequences‘(78)
does not include sequences in which fuel melting does not occur.

20f course the potential common mode

failures among P1g, Pgr, and PcpM must be

carefully studied. The potential common modes between Pig and Pgr were  studied as
indicated in sections 5 and 6 of Appendix IV and as discussed in section 3.1.2.3 of
this appendix. The combination of Pig and Pgr can potentially result in core melt,

thus causing a dependent containment

failure; the resulting containment failure

modes were extensively examined, as indicated in section 2.2 of Appendix I and in

Appendix VIII.

3

There are three single-event accident sequences in which system failures do not

appear. These involve the check valve and reactor vessel rupture cases,

4 The 27 sequences did not involve any

failures per sequence.
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TABLE V 3-14 PWR DOMINANT ACCIDENT SEQUENCES VS. RELEASE CATEGORIES
RELEASE CATEGORIES Core Melt No Core Melt
1 2 3 4 5 6 7 8 9
AB-a AB~y AD-O ACD-B8 AD-B AB-€ AD-¢ A8 A
- - - = = — — = —4
1x10” 1! 1x207 10 2x2078 1x10” Mt ax10™? 1x107° 2x1078 2x1077 1x10
AF— AB-§ AH—Q AH-B AHF-€ AH-€
LARGE LOCA 1x10710 axio 1! 1x1078 3x107° 1x107 10 1x107¢
A ACD—C AHF-Y AF-§ ADF-£
sx10721 2x107H %1078 2x10710
Ac-a AG-§
gx107 ! ox107?
A Probabilities 2x107° 1x1078 1x1077 1x1078 ax1078 3x1077 3x107® 1x10™° 1x10”*
S B-a S.B-Y S.D~a 5.Cb-B s H-B S DF-£ S D-€ s.-B s
- - - — - - = -7 -4
3x10” 1t ax10710 Lix1078 1x10” 11 Isx1072 13310710 | 13x107® lex10 L3x10
s.cp-a s.B-¢ S.H- s.D-B S B-€ S _H-€
SMALL LOCA 7x10” 1t L1x10710 Lix1078 Lex1072 2x1072 3x107°
S
1 S F-a _ S_HF-Y_ S F-8 _ S, HF-€_
Y3107 | texao M | taxao™® ax10710
S, G-o 5,6-6
3x10”20 Lax107®
- — - - - - - -5 -4
s, Probabilities 3x107° 2x1078 2x107" 3x1078 gx10"° 6x10" " 6x107° 3Ix10 3x10
S_B-a S_B-Y S_D-o S DG-B_ s,D-8 _ S B-€ _ S D-t _
1x10710 121077 9x1078 211072 2x10 28x10 9x107°®
S_F-0 _ S, HF-Y_ S H~-a _ S H-B _ §,CD-€_ S_H-€ _
21x107° 25x107 % | Zex107® 1x10 2x1078 6x107°
SMALL LOCA s,Cp-a_, 4 525—6 -10 SZF—é 7 S MF-E_o
s, 2x10 4x10 1x10 1x10
S_G-a s.C-8
9x10710 Z2x10”
s c-a 5_G-§
2ax10” 9x10"8
s, Probabilities 1x10™7 3x1077 x107® 3x1077 3x1077 2x1078 2x207°
RC~(t RC-Y R-Q R-€
2x107 12 3x107 ! %1072 1x10”’
REACTOR VESSEL RF-§ 1
RUPTURE - R 1x10
RC-6
1x107 12
R Probabilities 2x107 3} 1x10710 1x10”° 2x10710 1x107? 1x1078 11077
INTERFACING v
SYSTEMS LOCA ax1078
(CHECK VALVE) - V
v Probabilities ax107’ ax107® ax10”’ ax10”8
TMLB'-a. [ TMLBI-Y, | TML-a g THE-B o TMLB-g | TML-e
3x10 7x10 6x10 3x10 6x10~ 6x10
TRANSTENT TMLB' -& TKO-a TKQ-B TXO-€
EVENT - T 2x10°° Ix107° 3x107 1% - ax107®
QG TRMQ-€ _
1x10 %10+
) -6 _7 - - % | R
T Probabilities 3x10 3x10 4x10 7x10 8 -2x10 7 2x10 6 110 S 4
(L) SUMMATION OF ALL ACCIDENT SEQUENCES PER RELEASE CATEGORY
MEDIAN : :
. -7 -6 - -7 - - - - -
(508 VALUE) 9x10 8x10 ax107¢ 5x10 71077 6x10°¢ ax10”® | ax107® ax10™4
T
LOWER BOUND N
-8 -7 -7 - - - . - -
(5% VALUE) 9x10 8x10 6x10 ox10”® 2x107" 2x107¢ | 1x10™® | ax10® | amio™®
UPPER BOUND 6 s s o )
(95% VALUE) 9x10 8x10 ax10 5x10 ax107® 2x107° 2107 | ax107
Note: The probabilities for each release category for each event tree and the I for all accident sequences: are the median
values of the dominant accident sequences summed by Monte Carlo. simulation plus a. 10% contribution from the adjacent
release category probability (See Section 4.1).

Fig. XI 3-4. Reproduction of Table V 3-14 of Appendix V




The incorporation of smoothing affected e ——————
both the consequences and the probabili- -

ties associated with accident sequences.
For example, since smoothing permitted a
particular sequence to have a 10% chance
of occurring in the next highest release
category, there are some cases (as can
be seen. from examination of Fig, XI
3-4), in which the probability of the
occurrence of that larger release was
essentially determined by this particu-
lar sequence and could be increased by
as much as an order of magnitude.
Figure XI 3-5 illustrates the net effect
of the smoothing technique and shows
that the probabilities of occurrence of
several release categories were signifi-
cantly increased.l It is interesting to
note that, with the use of smoothing,
the cumulative probabilities for all
core melt release categories shown in
Fig. XI 3-4 are principally determined
by only six sequences.2 As stated in
section 4.1.2 of Appendix V, the use of
smoothing served to give greater confi-
dence that potential common modes had

been adequately treated and that any A 72,
common modes not thought of would not F1x10 'Y
llkely affect the final release prOba_ 10-10 CategorvlCategurleategory Category Category]Categorleategory
bilities. In fact, the six sequences 7 6 5 4 3 2 1
listed in footnote 2 involve only one
double system failure (ML).
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Fig. XI 3-5. Application of Probability

‘Smoothing

SUMMARY

The systematic and logical elimination pline imposed by the event tree 1logic
of physically meaningless sequences and imparts the understanding that common
dependencies from the event tree that mode failures between components in
has been described in this section does different systems are of no interest
much to lay to rest the typical "what if unless these components appear in sys-
such-and-such were to happen?" questions tems involved in the same accident se-
that are generally encountered in the quence and that common mode failures
consideration of potential common mode between systems are of no interest un-
failures. If the "what if" question less these systems are involved in the
does not fall within the accident se- same accident sequence.

quences defined in the event tree, it is

not a meaningful question and need not
- be considered further, 3 Thus the It is the view of the study that the de-
thought process that considers the po- velopment and wuse of event trees based
tential interrelationships among the on detailed knowledge of the nuclear
very large number of potential failures power plants and of the engineering
at the system and component levels and principles involved in the physical
concludes that the number of potential processes that could potentially occur
common mode failures is so vast as to be in accident situations provided some of
-unmanageable is, in fact, 1incorrect the principal insights gained in the
insofar as reactors of the type covered performance of the overall risk assess-
in this study are concerned. The disci- ment in WASH-1400.

lThis figure is the same as Fig. V 4-1 of Appendix V.

2szng, SpHe, S3C8, V, TMLg, and TMLB'S.

3This only applies to failures originating within the plant; it does not. apply to
failures due to external forces or .to acts of sabotage. These will be discussed in
section 3.1.3. ‘
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3.1.2.2 Fault Tree Methodology and
‘ Its Contributions to Common

Mode Failure Considerations

As mentioned in the preceding section
and as discussed in section 2.3 of
Appendix I, the accident sequences de-
fined by the event trees provide the
fault tree analyst with the criteria for
system failure as ~ well as the context
that describes the conditions under
which the systems are required to per-
form. These criteria and contexts,
which may vary for individual systems as
they appear in different accident se-
gquences in the event trees, are needed
for the construction of fault trees in
order to predict the proper probabili-
ties of system failures that enter into
the various event tree sequences 1in
which they are involved. Whereas tradi-
tional fault tree approaches have often
considered only single systems, the use
of the event trees that define system
interrelationships involving various
combinations of system success and
failure, varying definitions of system
success and failure, control system in-
terrelationships, etc., permits the
fault trees to be constructed with
greater attention to the applicability
of the tree for its planned use and to
the adequate treatment of potential com-
mon mode failures.

Once an event tree had been completed
and the construction of fault trees
started, common mode failures were in-
corporated into the fault trees and
their quantification in six ways:

1. The fault trees were constructed to
meet the criteria and context
prescribed for the systems by the
event trees; the fault trees were
thus conditional fault trees.

2. The fault trees identified compo-
nents that were common to multiple

systems appearing 1in an accident:

sequence.

3. Each fault tree was developed to an
extremely detailed component level
in order to locate single component
failures and potential common mode
failures deep within the system.

4, Human failures were explicitly in-
cluded in the fault trees, and
dependencies between human failures
were also included in the fault tree
quantification,
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5. Test and maintenance contributions
were incorporated in the fault tree
quantification along with dependen-
cies involving test and maintenance.

6. Evaluations, including sensitivity
and bounding studies, were performed
to determine the possible impacts
from common mode failures not previ-
ously considered 1in the earlier
analyses.

The first five procedures 1listed above
for handling common mode failures repre-
sent the major areas of the fault tree
analyses performed in the study. Al-
though these are the major ways in which
it 1is thought that common mode failures
can be identified, and although an in-
tensive effort was made to define these
areas as completely as possible, one
cannot be certain that all significant
common mode failures would be found by
these procedures. The sixth area encom-~
passes sensitivity and bounding studies
that were performed to help check the
completeness of the common mode coverage
obtained by wuse of the earlier proce-~
dures. Each of the six procedures for
handling common mode failures will be
taken up in the discussion that follows.

1. Criteria and Context for Fault Trees

The first way the fault trees accounted
for common modes was by incorporating
the criteria for system failure and the
environmental and timing contexts im-
posed on the systems by the event tree
accident definitions. The criteria and
context considerations are included in
the component failure definitions in the
fault tree and their subsequent guanti-
fication, which are made to be dependent
on the accident sequence and accident
conditions.

An example of the consideration of the
criteria for system failure in specific
accident sequences involved the defini-
tion of accumulator failure for the PWR
emergency coolant injection (ECI) in the
LOCA event tree. The accumulator por-
tion of this system is so designed that
two out of the three installed accumula-
tors would have to fail to cause ECI
failure in a particular sequence. In

- some specific LOCA situations, the rup-

ture of the primary coolant system would
negate the functioning of one accumula-
tor, and therefore only one additional
accumulator failure was required for
system failure. For these specific sit-
uations, the fault trees analyzed the




causes for only one accumulator fail-
ure.

Another example that illustrates how po-
tential dependencies due to accident
environments can influence the analysis
is found in the PWR containment spray
recirculation system:. Two of the pumps
for this system were located inside the
containment. In specific accident situ-
ations, the environment in the contain-
ment was of high stress (pressure,
temperature, and radioactivity); the
dependency of the failure of the pumps
to the same adverse environment was
incorporated by using pump failure rates
applicable to such environments and by
coupling the pump failure causes. In
the general area of human failures, when
actions were required to be performed
guickly and the operators would be undexr
stress due to accident conditions,
higher probabilities of human failure
were used.

The incorporation of such dependencies
had a significant impact on the con-
struction of the fault trees and in the
assessment of component and human fail-
ure rates.

2. Common Components in System Fault
Trees

The second way the fault trees deter-
mined common modes, by identifying
common components in multiple 'systems,
is a standard output of the methodology.
For each system failure in an accident
sequence, a fault tree was constructed
showing the components and basic events
that could cause system failure. When
the same component appeared in different
systems, that component or event was
given the same identification symbol to
show the commonality.

To analyze an accident sequence, the
fault trees of all the system failures
in the sequence were combined ("anded"
together) through the fault tree metho-
dology. The Boolean analysis of the
combined fault trees then extracted the
common components and common events ap-
pearing in the different system fault
trees, thus determining the single com-

1
accumulator modeling.

2The discussions accompanying each fault

ponents and other single events that
could cause more than one of the systems
in the sequence to fail.

Since, as indicated earlier in section
3.1.2.1, the event trees were so effec-
tive in eliminating accident sequences
involving multiple-system failures,
there were only a limited number of
remaining sequences where common CoOmpoO-
nents were identified. Table XI 3-1
lists 10 of the more significant acci-
dent sequences that involved multiple-
system failures in which common compo-
nents were identified.3 Because of the
large number of accident sequences that
involved only single-system failures and
because of the other contributions found
in the fault trees, these common compo-
nents in dgeneral had little effect on
the predicted probability of accidents.

3. Detail in Fault Trees

The fault trees constructed in the study
were developed to an extremely detailed
level in an effort to ensure that
significant common mode failures were
incorporated in the trees. Each fault
tree was constructed down to the basic
component level to determine the basic
causes of system failure; relays, wires,
wire contacts, and gaskets are examples
of the level to which the fault trees
were developed. (Major components such
as pumps, valves, diesels, etc., were of
course also included.) A representative
fault tree developed in the study con-
sisted of roughly 300 basic component
fajilure causes, 700 higher faults
(intermediate between basic cause and
system failure), 1000 fault relations
(gates on the tree), and 30,000 combina-
tions of basic component failures that
would result in system failure.

The extreme detail in the fault trees
made it possible to identify single com~
ponent failures and single human fail-
ures that would cause the entire system
to fail. In addition, double failures
and higher order combinations of
failures were identified that had suf-
ficiently high dependencies or suffi-
ciently high failure probabilities such
that, when combined, they acted 1like

Section 5.6.2 of Appendix II contains a more detailed and thorough discussion of the

tree in Appendix II contain the actual

detailed considerations used in the analysis and evaluation of each fault tree.

3A more complete discussion of this area is given in section 5 of Appendix IV.
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TABLE XI 3-1. SIGNIFICANT ACCIDENT
SEQUENCES INVOLVING COM-
MON~-COMPONENT MULTIPLE-
SYSTEM FAILURES
Sequence Common-Component Failure
PWR
ACDI Storage tank failure(a)
SCDI Storage tank failure(a)
AHF Containment sump failure(b)
SHF Containment sump failure(b)
ACF Control system failure(c)
SCF Control system failure(c)
BWR
AE Coolant ingection (LPCIS)
failure(d)
SE Coolant inaection (LPCIS)
failure(d)
AI Coolant recirculation (LPCRS)
failure (e
SI Coolant recirculation (LPCRS)
failure(e)
(a) These involve the refueling water
storage tank. See Appendix 11,

(b)

(c)

(d)

(e)

sections 5.4 and 5.6.3.
These involve the sump provided in
the containment to collect water
from the containment floor to make
it available for continuous recir-
culation. See Appendix II, sec-
tions 5.7 and 5.9.

These involve failures in the con-
trol system that initiates opera-
tion' of the containment spray in-
jection system and the containment
spray recirculation system. See
Appendix II, sections 5.4, 5.5, and
5.7.

These include valve and pipe rup-
tures and failures in the central
system for LPCIS. See Appendix II,
volume III, section 6.4.2.

These include 1loss of emergency
service water and valve, pump, and
pipe failures. See Appendix II,

volume III, section 6.7.

- component failures,

single failures in causing the system to
have a high failure probability.

Because o0f the detail in the fault
trees, it was possible to identify
common causes and dependencies that were
due not only to hardware but also to
human and other causes. Examples in-
clude human calibration errors rendering
multiple sensors to be failed in the
consequence limiting control system and
accident environments causing the
operation of pumps inside containment to
be dependent on the operation of
containment spray recirculation system.
These dependencies contributed to the
system failure probabilities and helped
to cause the higher system failure prob-
abilities to be realized.

Some people hold the view that fault
tree methodology will inherently predict

_probabilities of system failure that are

much smaller than is achieved in prac-
tice. In some past work, system failure
probabilities were often computed to be
10-8 to 1072 and even lower. In
contrast, Tables XI 3-2 and XI 3-3
present the distribution of unavailabil-
ities associated with the systems
analyzed in this study. As indicated in
the tables, 77% of the PWR median system
unavailabilities lay between 1072 and
101, showing the single-failure and
high-probability contributions that were
identified in the fault trees. If one
considers the 95% wupper bound, to
account for data wuncertainties, then
100% of the PWR system unavailabilities
were dreater than 10~4. The relatively
high unavailabilities predicted for most
of the systems analyzed are due to
single-component failures, single
causes, and other single type failures.

These results are important with regard
to common mode considerations. If the
fault trees had not been developed in
such detail, then the trees would have
included, but would not have identified,
failures that were dependent and that
were  caused by, more basic single
failures. In identifying ' the single-
the basic causes
were thus detexrmined and . the dependen-
cies resolved. A 'final point can be
made about the relationship between the
dominance of system failure probabili-
ties by single failures and potential
cormmon modes not identified by the fault
trees. Any common mode, at its utmost
extreme, can change multiple failures to
a single failure. From the data base in
Appendix III, it '1is seen that the
single~-component and basic event
probabilities (per demand) have values
between 10-6 and 10-3, with active
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TABLE XI 3-2.

PWR CALCULATED SYSTEM UNAVAILABILITIES (22 SYSTEMS)

Percentage of Systems in

Median Unavailability QM Number of Systems Each Unavailability Range
1075 < g, < 107* 5 23%
1074 < Qy < 1073 4 18%
1073 < g, < 1072 10 458 ) 772
1072 < g, < 107" 3 14%
Percentage of Systems in
Upper Bound Unavailability QU Number of Systems Each Unavailability Range
1074 < g, < 1073 7 32%
1073 < o < 1072 7 32% | 100% ()
1072 < o, < 1077 8 36%
(a) Percentage of systems whose unavailability > 10—4.

TABLE XI 3-3.

BWR CALCULATED SYSTEM UNAVAILABILITIES (18 SYSTEMS)

Percentage of Systems in

Median Unavailability O Number of Systems Each Unavailability Range
1078 < g, < 107° 1 6%
1075 < g, < 107" 4 22%
1074 < g, < 1073 | 7 39%
107% < o, < 1072 3 16.5% | 728 (3)
1072 < g, < 1077 3 16.5%
p , Percentage of Systems in
Upper Bound Unavailability QU Number of Systems Each Unavailability Range
107° < Qy < 107* 2 11%
107 < o < 107 7 39%
13 -2
10 < Q. <10 5 28%
- *U (a)
_2 1 89%
107% < 0, < 10 2 11%
107 < g < 10° 2 11%
(a) Percentage of systems whose unavailability i 10_4.
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. TABLE XI 3-4. CONTRIBUTIONS TO PWR SYSTEM UNAVAILABILITIES
Contribution (%)
Test and Human Commo? )
System Hardware Maintenance Error Modes '@
Reactor protection 65 35
Auxiliary feedwater:
0-8 hours after small LOCA 5 9 86
8-24 hours after small LOCA 100
0-8 hours without offsite power <1 56 44
Containment spray injection 14 6 80
Consequence limiting control:
Hi; single train 74 9 13 4
Hi; both trains 27 6 67
Hi-Hi; single train 61 26 13
Hi-Hi; both trains 6 2 92
Emergency coolant injection:
Accumulators 59 41
Low~pressure injection 16 23 60 1
High~-pressure injection 80 19 1
Safety injection control:
Single train 57 42 1
Both trains 13 19 68
Containment spray recirculation 7 56 37
Containment heat removal 86 14
Low~pressure recirculation 31 1 <1 68
High-pressure recirculation 25 75
Containment leakage 100
Sodium hydroxide addition 3 77 20
(a) Includes Human cause contributions.
components having the highest values.l fourth and fifth ways. Human failures
Because the fault trees already have were included in the fault trees and
single failures and because of the high fault tree quantifications whenever the
system probabilities already determined, operator interfaced with a component or
there is.- not a great chance that subsystem and could cause failure. Una-
additional common modes will impact on vailabilities computed for components
the results. There is thus reasonable that were tested or maintained included
confidence in the stability and failure contributions due to the down-
insensitivity of the results obtained. time associated with these acts.
4. Human Exrror, Testing, and The inclusion of human failures and test
Maintenance Contributions and maintenance contributions was an
important reason for the rather high
By including human errors and test and - values predicted for system failure
maintenance contributions in the fault probabilities (about 10~ to 1072).
trees gnd fault tree quantifications, Historically human failures and test and
common mode failures were covered in the maintenance contributions were often not

or test and maintenance contributions, which will be discussed, or because they had

1Some systems had failure probabilities higher than 10-3 because they had human error
. a number of single-component failures.




TABLE XI 3-5.

CONTRIBUTIONS TO BWR SYSTEM UNAVAILABILITIES

Contribution (%)

Test and Human Common
System Hardware Maintenance Error Modes
Reactor protection 73 3 24(a)
Vapor suppression:
Large LOCA 100
Small LOCA 100
Emergency coolant injection:
Low-pressure coolant injection 17 83
Core spray injection 8 92 (a)
Autodepressurization <1 100
High-pressure coolant injection 15 85
RCICS 14 86
Containment leakage:
Large LOCA
Drywell (>6 in.zé 2 98
Drywell (1-4 in.<) <1 100
Wetwell (>6 in.?2) 4 96
Wetwell (1-4 in.2) <1 100
Small LOCA 100
High-pressure service water:

Required within 30 minutes 3 44 5352;
Required within 25 hours 10 43 47
LPCRS and CSIS pump cooling (ESW) 100 <1 <1(a)

Secondary containment 100

(a} Includes human cause contributions.
included in the fault trees and fault Test and maintenance contributions can
tree evaluations; this was particularly likewise be relatively high when
true when fault trees were constructed applicable. TIf a test or maintenance
at the conceptual design stage of the act requires 1 hour per week in which
system, where such information was gen- the component is rendered unavailabkle,
erally not available. then the test and/or maintenance

contribution is 6 x 10~3 (which is

From Appendix III it is seen that human obtained simply by dividing 1 hour by
failure probabilities can be qguite high 168 hours in the week). This test and
when compared to component failure maintenance contribution is higher by a
probabilities. For example,_in certain factor of 60 than a 1074 component-
circumstances there is a 1074 probabili- related contribution and higher by a
ty that the operator will not open a factor of 6000 than a rup ture
manual valve. This compares with a contribution.
10-4 probability that the valve will be
closed due to inherent component failure Tables XI 3-4 and 3~-5 give a breakdown

or a 10-6 probability that the valve
will be in a failed state due to
rupture. (The probabilities are in

units of "per demand.")

1

The 1072

of the wvarious contributions that were,
calculated for the system failure
probabilities categorized as to
hardware, test and maintenance, human,

probability applies to a single operator act with no monitoring or backup.

The numbers quoted in this discussion are approximate general values, and the reader
should refer to Appendix II for particular, applicable values.
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and common mode, where common mode also
includes human-caused dependencies.l Aas
seen from the wide variation in the
contributions from the given categories,
it was important that all the various
categories be considered in attempting
to determine meaningful values for the
system probabilities. The relatively
complete coverage of all the category
contributions gives a reasonable confi-~
dence that the modeling and calculations
were properly performed and that common
modes were adequately covered.

5. Sensitivity Studies

In the sixth and final way of including
common mode failures, evaluations and
quantifications were performed that cov-
ered extraneous common modes and tested
the sensitivity of the calculated system
probabilities to additional common mode

impacts. Appendix IV (sections 3 and 4
in particular) describes in detail the
bounding (sensitivity) techniques and
special engineering investigations

involved in these common mode analyses.

With regard to the bounding and sensi-
tivity analyses, whenever multiple
component failures in the fault trees
were judged to be susceptible to having
common mode contributions that had not
been previously identified, then a maxi-
mum impact was assigned for the possible
common mode contribution. With this
possible impact included, the system
failure probability was then reevaluated
to determine 1f any significant change

occurred. When several susceptible
combinations existed, all these
combinations were assigned maximum
impacts.

As described in Appendix IV, the maximum
impact for common mode failures was
assigned by allowing the combination of
failures to become a single failure.
The probability of failure for the com-
bination thus becomes the probability
for a single failure. With these
single-failure probabilities used for
the combinations, the fault tree was
then reevaluated to determine the change
in the system failure probability.2

As given in Table IV 3-1 of Appendix IV,
the common mode mechanisms examined in
this sensitivity impact study were com-
mon mode failures due to (1) design de-

fects; (2) fabrication, manufacturing,
and quality control variations; (3)
test, maintenance, and repair errors;
(4) human errors; (5) environmental var-
iations; (6) failures or degradation due
to an initiating failure; and (7)
external initiations of failure. 1In the
bounding studies performed to check the
validity of fault tree gquantitative
results, one technique used was to per-
mit all components of the same generic
type (e.g., all relays, all pumps, etc.)
in a system to be interdependent. This
analyses thus incorporated the types of
common mode effects that could
potentially be due to components having
common manufacturers, common failure
sensitivities, etc.

In addition to these sensitivity stud-
ies, which consisted essentially of
mathematical analyses, special engineer-
ing investigations were performed on the
accident sequences to determine any
remaining possible common modes,
including those due to external events
and common component sensitivities.

These special engineering studies are
also discussed in Appendix IV. These
studies were concerned with common mode
failures resulting in multiple systems
failing in the same accident sequence.
As described in sections 5 and 6 of
Appendix IV, flywheel failures genera-
ting missiles, gas bottle explosions,
vehicle crashes, and all motor valves
failing due to manufacturing defects
were among the detailed common mode
causes examined. Components that have
common properties and are potentially
susceptible to common failure causes
were investigated with particular care
in these special engineering studies.

In general, the sensitivity studies and
engineering investigations found no sig-
nificant impacts from the common modes
that were analyzed. This was due to the
common mode analyses that had already
been performed in the event trees and
fault trees discussed earlier. The
sensitivity studies and special
engineering investigations thus tended
to -validate the thoroughness of the
common mode analyses that had been
performed and the insensitivity of the
system and accident sequence probabili-
ties to any further common mode
contributions.

lThe contributions are based on the point value calculations given in Appendix II.

2The single-failure probability was obtained from the minimum of the individual

component probabilities in
Iv,

the combination, as indicated in section 3 of Appendix




3.1.2.3 Overview of the Handling of
Common Mode Failluresl

The preceding sections have covered the
individual contributions of event trees,
fault trees, and data in the handling of
common mode failures in the study.
Additional perspective can be gained by
considering the complete accident se-~
quences needed to define overall risk to
the public. The discussion, so far, has
considered event trees that define the
frequency of occurrence of some initiat-
ing event (Pg) and the probabilities of
various system failures (Pgg] X ... X
Pgrn) that can potentially lead to core
melting. There are additional factors
that need to be considered in order to
define complete accident sequences:

a. Core melt, per se, does not create a
risk to the public because it occurs
inside a containment building. For
the radioactivity that is released
from the molten fuel to be dispersed
to the environment and expose people
to radioactivity, the containment
must fail. Appendix I, section 2,
contains a detailed description of
potential containment failure modes
(PcFpM) given core melt. While it is
virtually certain that core melt
will cause a dependent failure of
the containment, there are several
modes in which the containment can
potentially fail, each having a dis-

tinct probability and a distinct
consequence.
b. Given the failure of the contain-

ment, the radicactivity will be dis-

persed to the environs of the
reactor in a manner determined
principally by the meteorological
conditions existing at the time of
the accident. The meteorological
conditions are defined by such
factors as atmospheric stability,
wind speed, wind direction, etc.

Since there is a probability distri-
bution of weather conditions (Pyc)
that may occur as a function of
time, this distribution must also be
considered as a part of an accident
sequence.

c. Another factor that must also be
considered is the probability dis-
tribution of population (Ppp) about

1

follows: IE =
WC = weather

defined as
failure modes;
failure.

In this section, the symbol P represents probability and the various subscripts
initiating event;
conditions;

PD

reactors to take into account the
probability that varying numbers of
people may be exposed to the
dispersed radiocactivity.

As has already been discussed, in most
cases the accident sequences involved
situations in which the failure of a
single system (following the initial
failure) caused core melt. In a few

cases, a single system failure combined
with a single component failure is
involved. There is also a wide varia-

bility in the frequency of initiating
events as well as some variability in
the failure probability of the various

systems involved. Typical generalized
seguences, covering the dominant
contributions from the LOCA event tree

and the transient event tree in the PWR,

involve the following two illustrative
formulations:

P1g ¥ Pgp X Popy ¥ Pye X Ppp

(for LOCASs) (X1 3-1)
and

Pig * Pgp X Pop X Popy X Pye X Ppp

(for transients). (XI 3-2)
Such formulations are valid if the

definitions of occurrence of the various
events 1include consideration of the
dependent failures among the elements.
The discussion below is divided into two
parts, one applicable to the LOCA event
tree sequences and one applicable to the
transient event tree sequences.

LOCA Event Tree

In the case of the LOCA event tree, the
initiating event is pipe rupture. The
probability that it could cause failure

of either the safety system or the con-
tainment was carefully examined, as
indicated in Appendix IV, sections 5 and
6., No significant coupled failures of
this type were found, presumably because
specific design features are included in
reactors to prevent such dependencies.

The combination of P1g x
core melt, which, as discussed earlier,
will cause a dependent failure of the
containment in one of a number of modes

Pgr produces

are
SF = system failure; CPM = containment
= population density; CF = component

XI 3-36




(PcrFM) - Thus PCcFM is, in fact, a common
mode failure probability that was care-
fully defined in Appendix VIII. The
weather conditions and population densi-
ty are essentially independent of one
another and of the other factors in the
equation.,

‘It is interesting to note that formula-
tion XI 3-1 yields, for the very large
consequence values reported in this
study, a probability of occurrence of
approximately 10-9 per reactor-year.
There are many people who have tradi-
tionally questioned the wvalidity of
predictions of low-probability events,
and such gquestions must be regarded
seriously because there have been many
erroneously small predictions of system
failure probabilities. Formulation XI
3-1, however, gives a different perspec-
tive of the probability prediction of
10-9. For instance, in the case of the
small-LOCA sequences in a PWR, the

elements of this formulation have

roughly the following values:

Prg = 107°

Pgp = 1072

Popm ° 107t
Pyc = 107t

Ppp = 1077

1072

The preceding discussion has already
covered the principal common mode
contribution, PcFM, and indicated that
there are no other significant common
mode contributions. One nmight ask by
how much these values might be in error.
The value of Pr1g is derived from pipe
rupture data accumulated from many
sources, as_ indicated in Appendix III,
.and is not likely to be very far in
error. In fact, the only critical
comments received in this area suggest
that the value used in. the study is
conservatively high and should be
reduced to 10-4.

The values of Pyc and Ppp are obtained
from measured conditions in the real
world and are known with greater preci-
sion than the other factors in the
formulation.

The combined value of Prg X Pyc X Ppp is
10~6, Thus the entire engineering
(except for piping) of the plant, which
includes the safety systems and the
containment, accounts for a contribution
of 10-3 (Pgp x PcpM) to "the overall
probability. In fact, the contribution

of system unavailability (Pgfr) is about
10-2, and not in the range of 10-9 to
10-8 or less, as obtained in some early
quantifications of system fault trees by
others. Even if the values of systen
failure were grossly 1in error, the
probability predicted for the Ilargest
accident would increase by a factor of
only about 100.

Transient Event Tree

In the case of the transient event tree,
the initiating event is the sum of the
several types of transient events
requiring rapid shutdown of the reactor.
It 1is interesting to note that the
frequency of occurrence of such events
is approximately 10 per reactor-year,
about 104 times more likely than the
pipe rupture of 10~3 per year. On the
other hand, the failure probability of
the reactor protection systems (Pgp) 1is
about 10-4 per demand and the failure of
safety valves (Pcr) to reseat is about
10-2 per demand. The large consegquence
values reported in the study can be
approximated generally as follows for
transient events:

P = 10
Pep = 1074
Pop = 1072
Popw = 1077
I
Ppp = 1072
1077

In examining the dependencies and the
various factors among these elements, it
is noted that there is some relationship
between the 10 transients per year
requiring shutdown and the probability
of failure of the reactor protection
system (RPS). Some of these transients
involve the loss of offsite power, and
the control rods are actuated to insert
directly by the occurrence of this
event; however, the failure probability
of the RPS was not reduced because there
is low coupling between this event and
the principal causes of RPS failure.
The transient event plus failure of RPS
causes the reactor coolant system system
relief valves to lift; the data
determining- the rate of failure of one
of these valves to reclose includes
potential dependencies involving this
type of opening event. Pcpy, Pycr and
Ppp are as discussed earlier 1in
connection with the LOCA event tree.
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The. total- engineering contribution to
the 10~9 probabllltg in this case is
Pgrp x PCF = As noted earlier,
Pcr comes from measured data, and -only
the Pgp value of 10-4 for the failure of
the RPS is obtained from a fault tree.
Using nuclear experience data of approx-
imately 2000 demands of the reactor
protection system, an approximate upper
bound of 103 is obtained for the
reactor trip unavailability. From this
actual experience, using the failure
relationships as given in the sequence,
the sequence probability can be in error
by only about a factor of 10, yielding
about 10-8 as an upper bound for the
sequence probability.

To summarize the foregoing discussion, a
number of probability factors must be
combined in typical accident sequences
to obtain the total risk probability,
and the smallness of the risk probabili-
ty comes from this process. System
failure probabilities are only one
element in the risk formulation, and
potential common mode failures involving
systems must be examined only in those
factors that can affect the system
failure probability. System failure
probabilities obtained in the study were
generally in the range of 1074 to 10-2
which 1is consistent with available
experience and data. The sensitivity of
the total risk probability derived from
the formulations shown above can be
bounded by using actual data or assuming
the system probability to be unity. The
limited variation in results when this
is done shows the reasonableness of the
study's methodology and final probabili-
ty values.

3.1.3 COMPLETENESS OF THE CONSIDERATION
OF POTENTIAL ACCIDENTS

WASH-1400 discussed the completeness of
the coverage of potential accident
sequences extensively in the following
sections of the report: chapter 3,
chapter 5 (section 5.4), and chapter 7
(section 7.1) of the Main Report and

1

sections 2, 3, and 5 of Appendix I. The
substance of - these discussions is
presented below. )

The ~analysis of potentially large
reactor accidents rests on the knowledge
that the bulk of the radiocactivity
generated by the fission process will be
retained in the wuranium dioxide fuel
pellets unless the fuel melts.? Fuel
melting can occur only as a result of an
imbalance between the heat being gener-
ated by the fuel and the heat being
removed from the fuel. A heat imbalance
can occur only as a result of LOCA or

transient events. ‘LOCA and. transient
events can potentially result from
internal (random or coupled) plant

failures, from external forces such as
earthquakes and tornadoes, or from acts
of sabotage. Many of these factors can
potentially affect each of the wvarious
sources of radioactivity at the plant.

The places at which fuel is located in a
nuclear power plant are the reactor
core, the spent fuel pool, the refueling
operation,3 and the spent fuel shipping
cask. By far the largest .amount of
radioactivity is located in the fuel in
the reactor core since it contains both
the largest accumulation of fuel and
fuel that has had  the least time for
radicactivity to decay. The spent fuel
pool, immediately after a refueling
operation, has about 16% of the radioac~
tivity of the core, and on the average
has about 5%. The refueling operation,
which handles only one fuel element at a
time, involves about.0.3% of the core's
radioactivity. The spent. fuel shipping
cask, having multiple fuel elements
("10) that have been subjected to a
longer decay time, also contains about
0.3% of the core's radiocactivity.

The much larger amount of radiocactivity
that resides in the core, as opposed to
other 1locations, 1is only one of the
reasons why the bulk of attention in the
safety of nuclear power plants has been

The upper bound estimate is obtained by using 200 reactor-years with approximately

10 demands of the trip system per reactor-year (i.e., monthly testing). Three
failures are used for the upper 95% chi-square confidence bound.

2In  addition to fuel, a nuclear power plant site has other potential sources of
radiocactivity (i.e., the waste gas and liquid waste storage tanks) that could be
released as .a result of accidents. However, these sources are very small (10-5 and
10-8 respectively of the core inventory) and do not have the potential to cause

large consequences.

3During the refueling operation, a s1ngle fuel assembly is in trans1t between the
reactor. vessel and the spent fuel storage pool.
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directed toward potential accidents
involving only the core. Other factors
are the potential for large releases of
energy 1in core power transients .and the
potential for the release of the large
amounts of stored energy in the reactor
coolant system. These phenomena, as
well as other processes that may be
associated with them, not only might
cause the fuel to melt, but also may
provide a driving force to disperse the
radiocactivity released from the fuel.
The potential for fuel melting and
dispersal of radiocactivity from the
other fuel locations 1is significantly
smaller.

In addition to examining all the places
at which fuel is located at a nuclear
power plant site, it is also necessary
to examine the various forces that can
act on the plant to cause release of the
radioactivity from the fuel. Fortunate-~-
ly, the characteristics of wuranium
dioxide fuel are such that the bulk of
the radiocactivity generated by the
fission process remains within the fuel
pellets under normal conditions. The
only way to release large amounts of
radicactivity is to melt the fuel.
Thus, a major factor in the safety of
nuclear power plants rests on the
prevention of fuel melting.

The two questions that must be examined
are (1) whether the possibility even
exists for the fuel in a particular
location to melt, given the occurrence
of potential accident conditions; and
(2) what forces might act in such a way
as to cause the fuel in a particular
location to melt. The refueling
operation and the shipping cask can be
disposed of readily as candidates for
contributors to overall risk, since it
is hard to see how fuel can be made to
melt in these situations. 1In the re-
fueling operation, fuel elements . cannot
be 1lifted out of the water involved in
the refueling process and, as 1long as
the element is under water, it cannot
melt. Furthermore, even if the one fuel
element involved in the refueling
operation could be. exposed to air,
calculations indicate that it would
reach some equilibrium temperature (well
below the melting’  point) at which it
would be adequately cooled by the combi-

nation 'of heat radiation and convective -

air flow. 'In connection with potential
shipping cask accidents,l calculations

1

have shown that, even in the event of
low-probability accidents that might
break the cask and cause failure of the
fuel cooling system, the fuel would not
melt. Although some fuel cladding might
be slightly damaged in such an accident,
only very small amounts of radiocactivity
would be released to the environment.
This radioactivity would .be the small
amount of the total fission gases
produced that had migrated to the gap
between the fuel and the cladding.

Based on the foregoing considerations,
it appears that a potentially 1large
release of radioactivity could only
involve the fuel in the reactor core or
in the spent fuel pool. The complete
matrix of potential accidents must
therefore cover the reactor core and the
spent fuel pool as they might be
affected by the various events that
could potentially cause melting of the
fuel. These events can be classed as
internal (random or coupled) plant fail-
ures, external forces such as earth-
quakes and tornadoes, and acts of
sabotage. These will be discussed in
turn for each of the two locations of
interest.

3.1.3.1 Potential Accidents Involving
the Reactor Core

Figure XI 3-6 shows the matrix of
potential accidents considered for the
reactor core. Line 1 shows those
accidents that can be initiated by
internal plant failures. Line 2 shows
those external forces that can poten-
tially cause accidents of the type shown
in lines la-lc. Line 3 shows the
potential for accidents due to sabotage.

a. Figure XI 3~6, Line 1, Internal
Plant Failures

The largest part of the Reactor Safety
Study was devoted to the delineation of
potential core accidents due to internal
plant failures. The scope of this work
is necessarily limited only to the
consideration of imbalances between the
heat being generated by the fuel and the
heat being removed from the fuel because
only such - heat imbalances have the po-
tential to cause the fuel to melt. Such
imbalances can occur in only two ways:
(1) as a result of transients 1in which

:the core power level exceeds the

capacity of the heat removal systems to

WASH-1400 only examined potential shipping cask accidents that could occur at

reactor sites. It did not consider transportation accidents.

XI 3-39




dissipate it or (2) as a result of
LOCAs, in which the normal core cooling
water is 1lost due to a rupture in the
reactor coolant system and the core
decay heat 1is not removed by the emer-
gency core cooling systems. Sections
3.1.1 and 3.1.2 of this appendix and
Appendices I through V describe in great
detail the event tree/fault tree
methodology used to investigate these
classes of accidents. The total proba-
bility of core melt from these causes is
predicted to be about 5 x 10-5 per
reactor-year.

It is also potentially_ possible for
large electrical fires ~originating
within the plant to fail a sufficient
number of systems within the plant to
cause a transient or a LOCA that could
cause the core to melt. 2 There 1is
currently insufficient c¢ollected and
collated data on the results of reactor
and other industrial electrical fires to
provide a generally applicable statisti-~
cal basis for estimating the probability
of core melt as a result of fires.
However, analysis of the fairly recent
fire at the Browns Ferry plant indicates
that the likelihood of core melt due to
such a fire would be about 1 x 10-5 per
reactor-year and would not represent a
major contribution to the overall
likelihood of core melt.3

b. Figure XI 3-6, Line 2, External
Forces

It is necessary to consider whether the
large forces that can be generated by
some natural and man-made phenomena can
cause any of the types of accidents
developed in line 1 of Fig. XI 3-6 by
causing the failure of the «critical

1

Electrical fires refers to fires in

elements defined by the event tree/fault
tree methodology. Thus it is necessary
to examine both the likelihood of such
external events and those portions of
the plant that can be affected by the
types of events shown on line 2 of Fig.

"'XI 3-6.

The - general approach4 that has been
taken in the . design and location of
nuclear power plants 1s to identify
those -elements of the plant whose
continued ‘operability is needed to
ensure that the operation of the plant
can be controlled, that the fuel in each
location remains covered with water, and
that the decay heat is removed from the
fuel in each of its locations. Then the
plant is required to be 1located and
designed in such a way as to ensure that
the 1likelihood of failures in these
elements, due to each of the external
forces, is quite small.

The study's handling of two of the
external forces, aircraft impacts and
turbine missiles, is easily illustrated.
Since light planes cannot cause signifi-
cant structural damage to a nuclear
power plant, it is necessary to consider
only the potential damage that can be
caused by the 1larger aircraft. The
probability of large aircraft crashes is
well known, and thus it is relatively
straightforward to compute the likeli-
hood that a plane will crash at . a site
in " such a way as to strike the plant.
Taking into account the location of
nuclear power plants with respect to
airports (since this distance affects
the 1likelihood of the crash) and the
fact that not every such crash will
cause an accident: involving fuel
melting, an overall probability of such
an accident has been estimated to be

which there is extensive enough burning of

electrical cables to cause the inoperability of installed safety features. Burning
may be initiated by electrical faults, current overloads, or external causes.

2

See chapter 5 of the Main Report for a fuller discussion of large electrical fires.

Sections 5 and 6 of Appendix IV discuss the potential effects of smaller fires.

3The analysis performed to support this conclusion is described in section 3.2 of
this appendix and is applicable only to the Browns Ferry plant. Additional work in
the future to develop a more generally applicable model for handling the contribu-
tion of large electrical fires to risk assessments would be useful.

4See USNRC Regulations 10CFR50, Appendix A, General Design Criteria for. Nuclear Power

Plants.
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1079 to 10-8 per reactor-year.l This
value would not impact significantly on
the predicted value oJf core melt of
5 x 10~2 per reactor-year,

Similarly, the probability of a turbine
failure resulting in the generation of
large missiles can be determined from an
analysis of reported turbine failures.
Taking into consideration the orienta-
tion .of the turbine with regard to vital
plant systems or components and the
range ©of energies and trajectories
associated with potential turbine mis-
siles, the ©probability of striking a
potentially vulnerable area can be
calculated. The probability of pene-
trating structures and damaging critical
eguipment can then be calculated from
the range of impact energies involved
and the nature and thicknesses of
protective barriers. As noted in
section 5.4.5 of the Main Report, it has
been estimated that the highest proba-
bility of a turbine missile penetrating
the containment structure is 1.2 x 10-5

per reactor-year. Based on an examina-
tion of the physical 1layout of the
plant, the chance of such a missile

causing both a LOCA and the failure of
sufficient safety systems to cause a
core melt appears to be negligibly
small.

Certain plants may be exposed to other
external hazards that are essentially
unique to an individual site. Examples
of these include sites adjacent to
transportation routes that frequently
carry munitions or other explosives or
sites adjacent to chemical or petrochem-
ical facilities, etc. ‘Because such
potential hazards are unigue to specific
sites, they have not been explicitly
included in this study. Their inclusion
was not considered necessary because
only a relatively small number of plants
are in locations where this type of
consideration 1is necessary and because
such plants are required to provide
additional- protection to reduce the
probability of significant plant damage
to a negligible value.

Similar analyses can be performed to
analyze the effect of natural events
such as floods, tornadoes, or

1

See Appendix III, section 6.2,

discussion of this matter.

2As indicated in chaptér 7 of the Main Report,
to determine

additional analyses 1in the future

earth-

and Main Report,

guakes. The probability of occurrence
of severe natural events can be calcu-
lated by the combination of generally
limited historical data and analytical
models, Based on a knowledge of the
design parameters of the plant, the
likelihood that a severe natural event
could cause a core melt can then be
estimated. These can be combined and
compared with the 1likelihood of core
melt determined by this study to
determine if such events would have any
impact on the risk from potential
reactor accidents. As discussed in the
Main Report, section 5.4, analyses of
the external forces shown in line 2 of
Fig, XI 3~6 1indicate that external
events are not expected to have a major
impact on the risks associated with
reactors.

c. Figure XI 3-6, Line 3, Sabotage

The study concluded that, while there is
no current methodology for comprehen-
sively estimating the probability of
successful acts of sabotage, any
consequences produced by sabotage could
not exceed the largest predicted by the
study and would likely be much smaller.
Section 16 of this appendix and section
5.4.6 of the Main Report discuss this
matter in greater detail.

LOCAs

Transients

1. Internal Plant
Failures

Fires and Floods

Earthquakes

Tornadoes Rivers
Floods Hurricanes
Tidal Waves

Reactor Cores | 2. External Forces

Aircraft Crashes
Turbine Missiles
Explosions

3. Sabotage

Coverage of Potential
Accidents in Reactor
Cores

Figure XI 3-6.

section 5.4.4, for a fuller

it would be useful to perform
whether the potential risks

associated with external events can be estimated with greater precision.
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3.1.3.2 Potential Accidents Involving
the Spent Fuel Pool.

Figure XI 3-7 shows the matrix of poten-
tial accidents considered for the spent
fuel pool. As in Fig. XI 3-6, line 1
shows those accidents’ that can be
initiated by internal plant failures,
line 2 shows the external forces that
can potentially cause accidents of the
type shown in line 1, and line 3 - shows
the potential for accidents due to
sabotage.

a, Figure XI 3-7, Line 1,

Loss of Water

1. Internal Plant
Failures

Loss of Cooling

Fuel Mechanical Damage

Racriticality

Earthquakes

Tornadoes

Spent Fuel Pool 2. External Forces

Internal
Plant Failures

Release of radioactivity from stored
spent fuel can potentially result from
heat imbalances causing melting . of
stored. fuel or from mechanical damage to
the fuel assemblies causing release of
gap activity. Heat imbalances can re-
sult from loss of cooling water from the
spent fuel storage pool; loss of the
capacity to remove heat from the pool
water, which would lead to boiling away
of the pool water;! or an increase in
the heat generation rate 1in the - pool
because the configuration of the fuel
. had been altered into a critical array,
again leading to the boiloff of pool
water. Section 5 of Appendix I dis-
cusses the bounding analyses that were
performed to determine the potential
risk associated with these accidents.
As noted there, the potential releases
are small in comparison to the releases
associated with core melt, and the
probability of occurrence is approxi-
mately two orders of magnitude below
that associated with core melt.

b. Figure

XI 3-7, Line 2, External
Forces

As previously noted in section 3.1.3.1,
it is necessary to consider whether the
forces associated with external natural
or '‘man-made phenomena can cause any of
the accidents developed in line 1. The
probability of severe external forces at
the plant is discussed in section
3.1.3.1. In general, that discussion is
applicable to the stored spent fuel as
well. 1In regard to external events, the
design criteria of the spent fuel pool,
the fuel building, and the pool cooling
systems are similar to those used for
systems that protect the core. Because

Aircraft Crashes

Turbine Missiles

Explosions

Coverage of .Potential
Accidents Involving the
Spent Fuel Pool

Figure. XI 3-7.

of the very low probability of damage to
stored spent fuel from random internal
plant failures, external events are more
likely to initiate an accident leading
to release. The probability of failure
in - this manner is still quite 1low,

however, and the potential releases,
even assuming melting of the total
inventory of stored fuel, are small

compared to those associated with many
of the reactor core accident sequences.
This matter is discussed in greater
detail in Appendix I, section 5.

¢c. Figure XI 3-7, Line 3, Sabotage

See section 3.1.3.l.c.

3.1.4 THE HANDLING OF FAILURE RATE DATA
IN OVERALL RISK ASSESSMENT
The study received several comments on

the adequacy of component failure rate
data used for quantifying the event
trees and fault trees. The comments
questioned the basis for the data and
the general random-variable,; or range,
approach used for the data treatment.
This section presents an overview of the

lWhile it is indicated earlier in this section that a single fuel element in air will
be adequately cooled, the large number of closely clustered elements in the fuel
pool - would prevent radiation of héat from the fuel from being an effective cooling

mechanism.
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data. approach used in the study as well
as 1its rationale. A more detailed
discussion 1is contained in Appendix II,
volume 1, and Appendix III, which have
been rewritten to clarify the data
treatment. ’

When the study initially tried to deter-
mine precise component failure rate
values and other basic failure rate data
(such as human failures)l to use for the
system and event tree quantifications,
it found large uncertainties and large
variabilities 1in the available data.
These large variabilities existed not
only for component data but also for
human failure rates and initiating-event
probabilities (e.g.., pipe rupture
rates). The nuclear reactor data that
had been collected were neither suffi-
cient nor detailed enough to yield
accurate estimates of failure rates and
basic event probabilities; furthermore,
they showed a large variability from
plant to plant. The other available
industrial data showed similar variabil-
ity in reported failure rate values,
depending on the application and the
reporting source.

Because of the large variability in the
data, the study did not attempt to de-
termine precise data values and precise
probabilities, since these would have
been meaningless. Instead, bounds were
estimated for component and other data
to determine the range 1in which data
values could 1lie and hence give their
variability. Because of the large
spread, the failure rate data were
treated as random variables, incorporat-
ing both the physical variability and
the wuncertainty associated with the
data. Moreover, since the study's
results were to ‘apply to a population of
approximately 100 nuclear plants, it was
important to show the possible variabil-
ity and uncertainty in this population.

For each failure rate, the study
assessed an upper bound, which would
give the pessimistic or worst case, and
a lower bound, which would give the
optimistic or best case, :The range
between the lower and upper bounds would
then describe the variability that

existed in the available data for the
particular failure rate. The variabili-
ties thus obtained for each failure rate
were then propagated through the fault
tree and event tree guantifications to
give the corresponding variabilities for
the system failure probabilities and
accident seguence probabilities.2

To obtain a realistic representation of
the ranges describing the possible fail-
ure rates, a wide variety of data
sources were examined. To be applicable
to the nuclear plant conditions that
were to be quantified, the data sources
examined had to be generally representa-
tive of industrial experience and
industrial environments. However, cer-
tain Department of Defense data, ob-
tained under controlled test conditions,
and data representing more adverse
environments encountered in certain
plant applications were also included to
give possible extreme values. The major
sources of the data that were examined
included the following:3

Edison Electric Institute (failure
rate data)

Systems Reliability Service, United
Kingdom

Failure Rate Data (FARADA) Handbooks
published by the Fleet Missile Sys-
tems Analysis and Evaluation Group
Annex

. AVCO Corporation

Liquid Metal Engineering Center
(nuclear data)

Holmes & Narver, Inc. (nuclear data)

The Chemical Engineer (Institute of
Chemical Engineers, London, England)

Nuclear Safety Information Center,
U.S. Atomic Energy Commission

Government-Industry Data Exchange
Program (GIDEP) reports

lSection<1‘4 of this appenaix contains a further 'discussion of the treatment of human

failures,

2
ties but estimators.

3

In statistical terminology, the system probabilities were thus not strict probabili-

Appendix III gives a complete tabulation of the 77 sources used.
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Institut =~ fuer Reaktor Sicherheit
(Institute of Reactor Safety), West
Germany

European nuclear agencies

Institute of Electrical and Elec-
tronic Engineers

Proceedings of RISO (Denmark) con-
ferences )

To serve as a final check on the ranges
obtained from the various data sources,
the 1limited data ‘that were available
from commercial nuclear power plant
operation were analyzed separately and
were compared to data obtained from
other sources.l The final range
assignments were found to be consistent
with the commercial nuclear data.?2

With regard to assuring that common mode
failure considerations are adequately
incorporated into the assessment, it is
important to understand that the failure
rate data examined cover many causally
related failures, such as those due to
manufacturing and construction defects,
design errors, quality control ineffi-
ciencies, environmental conditions, as
well as human and various other causes.
Furthermore, it should be noted that
both the general and the nuclear data
included failures experienced in actual
operation. Thus the failure rates wused
as the data base in the study, being
principally derived from field experi-
ence, were essentially total failure
rates, and not simply “random" failure
rates (i.e., not failure rates due only
to inherent, inexplicable component
failure). Special common mode studies

1

were thus needed to identify failure
gauseg that were already included in the
ata.

There were three exceptions to the
foregoing: potential failure causes due
to seismic loadings, tornado loadings,
and the potential accident environments
of high = pressure, temperature, and
radioactivity. Certain nuclear compo-
nents are required to remain operational
under these conditions and are therefore
designed to accommodate stresses of this
type. Since neither nuclear nor nonnu-
clear components generally experience
these stresses, their effects are not
included in the data sources used to.
derive failure rate data for use in the
study.

These considerations formed the basis of
the design adequacy task' described in
Appepdix X. Although NRC safety design
requirements cover consideration of
these stresses for applicable compo-
nents, no experience data are available’
to test the validity of the implementa-
tion of these requirements because of-
the rarity of seismic and accident
events. To ensure the adequate imple-
mentétion of these '"special” design"
requirements, a detailed examination of
the design and testing of a selected
number of components and .systems was
made., The results of this examination
indicated some deficiencies in these
areas in that, while the designs were
not inadequate, they appeared to have
somewhat . less design margin than might
normally be expected. These results
were used to make appropriate modifica-
tions to component failures in the fault
tree and event tree quantifications and
to estimate the probability of the

The nuclear data consisted of reports of failure occurring through 1973. Additional

checks have recently been made of 1974 and 1975 data and showed no significant
changes from the analysis reported in draft WASH-1400.

2

In statistical terminology, the final assessed data ranges were found not to be

inconsistent with the commercial nuclear experience. See sections 1, 2, and 3 of
Appendix III for more detailed discussions of the actual analyses.

3'The failure causes have an implied occurrence frequency in the data sources. If the
occurrence frequency was assessed to be higher in the nuclear plant applications,
then special analyses were performed. An example is the special adverse-environment
pump failure rates determined in Appendix III. It was necessary to examine any
multiple effects from a single cause, but the single-component failure rates .could
be used in the bounding techniques of Appendix IV to bound the common mode multiple

effect.

4 : . e '
The impact of tornado loadings did not affect the results of the study significantly
and are not discussed further here. See Appendix X for additional information.
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failure of safety systems under seismic
loads, as indicated in section 5.4.1 of
the Main Report.

Using the data available from the vari-
ous sources described earlier, a set of
failure rate values was obtained for

each . component failure of interest
(i.e., contained in the fault trees or
event trees). This set was then used to

construct a probability distribution
that described the variability in the
data.l With respect to the commercial
nuclear data, the variability in compo-
nent failure rate from plant to plant
was 1in agreement (i.e., not inconsist-
ent) with the obtained distribution.2

In applying the probability distribution
approach, ranges covering 90% of the
possible values were constructed for
each failure rate. The upper bound was
the 95th percentile of the distribution
(such that the region between the bounds
was 90%).

The log-normal distribution was used to
obtain the specific range values for
each failure rate. Section 3.6 of Ap-
pendix II describes the justification
for wusing the log-normal distribution
and the general insensitivity of the
results to using this distribution. (A
number of different distributions were
tested, but no change in final system
results was observed.) The ranges
determined for each failure rate were
generally one or two orders of magnitude
in width. Within this variability, all
the various data sources were therefore
in agreement, and the range thus
represented the resolution of the
numbers that could be obtained.

To account for the possibility that the
‘failure rates of some components .could
be high and others could be low, ' the
failure rate distribution for each com-
ponent was® then propagated by Monte
Carlo simulation to obtain ‘the distribu-
tion of final system and accident
sequence characteristics (e.g., system

unavailabilities) that could be obtained
from the different possible failure rate
values of a component.3 The 95th and
5th percentiles of the system or acci-
dent sequence distribution then gave the
90% range for the possible characteris-
tics. These 90% final ranges thus
represented the variability of the
system and accident sequence results
that was due to the wvariability in
component data.

The above treatment of variability and
uncertainty in the data represents only
one of a possible number of ways of
handling this problem; however, this
treatment was found to be straightfor-
ward and generally applicable. Instead
of estimating a precise value for a
piece of data, the use of ranges was
considered to be realistic and more
meaningful. This method was applied to
human error and data and initiating-
event data as well as to component
failure data. The data distributions
were propadated to obtain the distribu-
tion and range on any final result, thus
guantifying the associated variability
and uncertainty.

3.1.5 MODELING CONSIDERATIONS FOR EVENT
TREES AND FAULT TREES

The discussions that follow deal with
some of the modeling concepts and con-
siderations involved in the study's use
of event trees and fault trees. Several
comments requested amplification of the
basic ideas behind event tree modeling
and the methods of using fault trees in
conjunction with event trees. This sec-
tion discusses the basic logic and set-
theory concepts of event trees and the
use of fault trees in event tree models.

a. Entries and States of an Event Tree

An  event tree begins with a defined
accident-initiating event. Different
initiating events will produce different

‘event trees, and the different initiat-

ing events must thus be cataloged and
enumerated to obtain a defined set of
accidents.

lIn essence, this is analogous to treating the data as a set of samples from a

statistical population on which a
performed.

statistical and probabilistic analysis can be

The above description of the probability distribution application is somewhat

simplistic. For a more thorough discussion of the random-variable basis (and
Bayesian implications), see section 3.6 of Appendix II.

3

Section 3.6.2 of Appendix II describes the simulation procedures.
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The enumeration of initiating events is
obtained from basic physical considera-
tions of the nuclear reactor power-
generating process. For core melt
accidents, for example, the initiating
events are detérmined from the classifi-
cation of the events associated with
heat generation and removal. A more
thorough discussion of the 1logic and
physics involved in determining the ini-
tiating events defined in the study is
given in Appendix I.

Once the initiating events are defined,
the safety systems must be incorporated
into the event tree structure. For a
particular defined initiating event, all
the safety systems that can be utilized
after the accident are then defined and
identified. Since a reactor ‘has only a
specified and 1limited number of safety
systems, their definition and identifi-
cation are straightforward. (Appendix
I, section 2, discusses the system iden-
tification.) The safety systems that
are identified are then structured in
the form of headings for the event tree.
This is shown in Example 1 for -two
safety systems that can be involved
after the defined initiating event has
occurred. (In this example, the safety
systems are simply labeled "system 1"
and "system 2.")

Initiating Event System 1 System 2.

Example 1. Event Tree Heading

Instead of directly defining and identi-
fying systems, which are associated with
hardware, the event tree headings can be
obtained by initially defining a set of
functions to be- performed by the safety
systems. The functions relate to the
physical processes associated with the
system's operation, such as the function
of ‘heat removal.  The set of functions
acts as the initial heading of the event
tree, and safety systems are then clas-
sified according to their relationship
to these functions and subsequently sub-
stituted into the appropriate function
heading. The result will again be a
final heading consisting of the initiat-
ing event and the safety systems that
can be involved. . The study performed
iterations involving event trees with

1

both the hardware and functional head-
ings to help check the adequacy of the
modeling, .

Once the systems for a given initiating
event have been identified, the 'set of
possible failure and success states for
each system is defined and enumerated.
Careful effort is required in defining
success and failure states for the sys-
tems involved in the event- tree to
ensure that potential failure states are
not included in the success defini-
tions.l If dichotomous (two-state) mod-
eling is employed, then one failed state
and one success state is defined for
each system; otherwise, a finite number
of discrete states are defined (such as
would be used when including partial
failures).

Example 2 illustrates a two-state model-
ing for the systems of Example 1.

Initiating Event System 1 System 2

Success State Success State

Failure State

Failure State

Example 2. System State Definitions for
System 1 and System 2

Appendix I, section 2, discusses in some
detail the definitions of system success
and failure states used in the study as
well as their rationale., Since the sys-
tem state definitions constitute one of
the most significant parts of event tree
methodology, certain general points will
be noted during the following discus-
sion. With regard to these definitions,
it is most important that . the system
failure and success states be defined
within the context of the given initiat-
ing event and the other systems involved
with the initiating event. Stated in a
more probabilistic manner, the system
failure and. success states must be de-
fined as conditional events. The con-
text and conditionality will become more
evident as the event tree methodology is
carried through.

b. Event Tree Branchihg-Logic

In carrying out the methodology, lét us

assume that the system failure states

In areas of uncertainty, potential success states that cannot be clearly demon-

strated to be successful are assigned to the failure states.
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and success states have been properly
defined, 'as shown in Example 2. The
system states are then finally combined
through the decision-tree branching log-
ic to obtain the various accident se-
quences that are associated with the
given initiating event. Tree branching
simply involves connecting the states of
one system to a particular state of an-
other system. The branching is shown in
Example 3 for the two-system 1illustra-
tion.

. : Accident
| t
En\;;:-?t ing System 1 System 2 Sequences
Success State
B
Success State (52
(S,) Failure State g F2
Initiating Event (FZ) !
——————————————
(1) i Success State
! ———|F,S
1 Faiture State (82) 172
(Fq) Failure State
F,F

(F,) 12

Example 3. Illustration of Event
Tree Branching

In Example 3, the initiating event is
. depicted by the initial horizontal line
and the system states are then connected
in a stepwise, branching fashion; system
success and failure states have been
denoted by S and F, respectively. The
format illustrated follows the standard
tree structure characteristic of deci-
sion tree methodology. The accident se-
quences that result from the tree struc-
ture are shown in the last column of
Example 3. Each branch  of the tree
yields one particular accident sequence;
for example, IS]Fy denotes.the accident
sequence :.in which the initiating event
(I) occurs,. system 1 is called upon and
succeeds (S3), and system 2 is called
upon but fails (F2) (i.e., system 2 is
in a failed state. such that. it does not
perform its' defined function). For
larger event trees,. this stepwise
branching would simply be continued.

Ce .Conditional

Interpreﬁation of an
Event Tree - ’ . R B

The event tree thus enumerates the pos-
sible accident sequences that are asso-
ciated ‘with - the given initiating -event
and the systems that can. be involved
after the initiating event. ‘Returning
to the system state definitions, one
sees that the system states on a given

branch of the event tree must be defined
and interpreted under the condition that
the previous states in that branch have
occurred; that is, the states are condi-
tional on the previous states having al-
ready occurred.

As shown in Example 3, the success and
failure of system 1 must thus be defined
under the condition that the initiating
event has occurred. 1In the upper branch
of the tree corresponding to system 1
success, the success and failure of sys-
tem 2 must therefore be defined under
the conditions that the initiating event
has occurred and system 1 has succeeded.
In the lower branch corresponding to
system 1 failure, the success and the
failure of system 2 must be defined
under the conditions that the initiating
event has occurred and system 1 has
failed. The conditional definitions in
the event tree are the standard ones
used in defining and modeling any
combination (intersection) of occurring
events.

Because of the conditionality interpre-
tation, the event tree has dgreat power
in reducing the number of accident se-
quences that must be considered. For
example, in the previous illustration,
if the failure of system 1 caused system
2 to fail, or equivalently caused system
2 to be ineffective, then we would show
no choices or alternatives for system 2
on the lower branch of the event tree,
and this lower branch would simply be a
straight, horizontal 1line containing
only the failure of system 1. Instead
of considering the accident sequences
IF1S2 and IF;F;, we thus would consgider
only the sequence IF].

The identification of the conditional
dependencies by the event tree methodol-
ogy 1is important because, not only is
the number of accident sequences 1logi-
cally reduced, but also system interde-
pendencies are thereby incorporated and
therefore need not be treated in later
analyses. Whenever success or failure
choices are not permitted for a system,
the failure probability of that system
is effectively being set equal to unity
because of the previous events. (In the
preceding example of removing the Sjp
alternatives, the probabilities of the
three-event sequences IF;S, are not com-
puted, but instead only the two-event
sequence JIF1.) Appendix - I. has a de-

" tailed discussion of the. identification

of .conditional .dependencies, that was
done for the study's event trees because
of system relationships. Because of
this identification, many of the study's
final accident sequences consisted of
one or at most two system failures.
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When timing and sequential considera-
tions are important, the system state
definitions must reflect them., For ex-
ample, in the illustrated event tree, if
there was a difference as to whether S
failed before or after S,, then two
event trees could be constructed where
Sy is the first failure and where S is
the first failure (i.e., effectively
promoting the system headings). The
study used dichotomous modeling in which
one failure state and one success - state
was defined for each system., Care must
be taken in these definitions in discre-
tizing the failures and in incorporating
partial failures. Appendix I discusses
these considerations. .

When the system states are detailed for
their final definitions, then sufficient
information exists to define the set of
physical processes that will occur with
each accident sequence. For example,
for each sequence the study computed the
magnitude of radiocactivity release,
which then served as a source term for
the dose and risk calculations. In
order to compute the radioactivity re-
leases, it was necessary to' incorporate
the possible modes of containment fail-
ure -in the event trees. This involved
defining -event tree headings that cov-
ered the possible failure modes that
could. occur (each failure mode effec-
tively had two states: "occurring" and
"not occurring"). The failure mode
event trees were then combined with the
system event trees to form accident
sequences leading from the initiating

events to the release of radioactivity

from the containment.

d. The Use of Fault Trees

When the results associated with each
accident sequence have been defined, the
final task is to compute the probabili-
ties of system failure. This is the
place at which the fault trees enter.
Generally, data on failures at the sys-
tem level do not exist, and therefore
the system failure probabilities must be
estimated in terms of component failure
rates,  which are available. Thus, the
system state definitions from the event
tree can be used as defined "top events"
of fault trees that are developed down
to the component level. In the study, a

fault tree was constructed for each

defined system failure in the event
trees, Because of the conditional defi-
nition'of the system failures, the fault
trees incorporated the conditionalities
(i.e.; previous events that have oc-
curred) into their fault definitions and
logic constructions. The quantitative
system probabilities associated with the
fault tree . top events were system un-
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availability and system failure proba-
bility (failure to start and failure to
run). Appendix II discusses the fault
tree methodology and presents the fault
trees that were constructed and used in
the study.

A number of factors enter into the ade-
quacy and power of a fault tree analy-
sis, as it was wused in the Reactor
Safety Study:

a. The fault tree structure itself

b. The use of competent analysts having
an intimate knowledge of the system
and modeling. process

c. The process of wvalidating and re-
checking the model and results

d. The examination of the results and
probabilities to determine their
sensitivity to possible omissions.

The fault tree serves as a -logic struc-
ture in which the system is methodically
and systematically analyzed to define
those elements that contribute to its
failure probability. A fault tree
analysis is a deductive process in which
a failure is traced back to its basic
causes, including hardware and design
causes, human error causes, and
operational causes such as testing and
maintenance. As the failure is being

- traced back, the fault tree logic struc-

ture organizes the steps that need to be
taken and the items that need to be
examined. One of the problems in a com-
plex system analysis is the ordering
problem: how to consider the various
contributions in a systematic way so as
to "be thorough and comprehensive. The
fault tree structure serves as the tool
with which the analysis can be organ-
ized, blueprinted, and programmed.

Looking at- past experience, the fault
tree process was, in fact, developed -and
refined to deal with such complex situa-
tions. The Minute Man analysis and the
analysis performed in the Space and
Missile Organization (SAMSO) - are exam-
ples of efforts in which fault trees
were developed and utilized to handle
the complex systems confronting the ana-
lyst. Even though it is certainly not
foolproof, the fault tree process sig-
nificantly reduces the chance of serious
omissions in its systematic and methodi-
cal analysis procedure.

Though the fault tree structure serves
to systematize the analysis, it does re-
quire a competent analyst to apply it in.
a competent manner. However, this is a
requirement that applies to any field or




endeavor (How many competent jobs are
done by incompetent people?). The Reac-
tor Safety Study tried to obtain the
most competent people in employing the
services of 12 skilled fault tree ana-
lysts. These fault tree analysts worked
closely with the system to gain an
intimate knowledge of its workings.,
Detailed system drawings, schematics,
physical layouts, functional operating
descriptions, and many on-site visits
were involved 1in gaining the needed
knowledge. The fault tree analysts also
worked closely with experienced systems
people who had a number of years of ex-
perience in reactor systems, reactor
operation, and reactor safety. In addi-
tion, the fault tree analysts had the
criteria and contexts derived from the
event tree accident sequences to guide
them in the construction of the fault
trees.

To help further reduce errors, after the
fault trees were constructed, they were
checked and validated for their accuracy
by identifying the dominant, failure
contributors. The fault trees were sub-
jected to a standard evaluation process
to determine not only the quantitative
probability predictions but also the im-
portant gualitative system information.
Such information includes, for example,
the minimal cut sets, which 1in essence
are listings of all the unique
combinations of component failures that
will cause system failure. This infor-
mation was used in checking the logic,
consistency, and accuracy of the fault
tree.

In the Reactor Safety Study, to help
ensure against omitting important
contributors, large fault trees were
constructed. For the accident sequences
described in the event trees, a
representative fault tree consisted of
several thousand components and several
thousand gates (logic structures). The
evaluation process and the minimal cut
sets were used to extract the dominant
contributors to the system failure,
Serving as an additional <check, the
minimal cut sets (i.e., component
combinations) & were then used to
reconstruct "reduced fault trees," which
helped to validate the accuracy of the
larger trees with regard to dominant
contributors. Furthermore, failure
reports and incident reports filed with
the AEC were examined for failures that
had occurred in pertinent systems, and
the larger. fault trees were checked to
ensure that they incorporated the types
of failures that were occurring in
operational systems.

e, The Incorporation of Fault Trees
into Event Trees

After the fault trees have been
constructed by standard fault tree
methodology, they are logically combined
according to the accident sequences
defined in the event trees. The logical
combination effectively involves con-
structing a larger "accident sequence"
fault tree from the individual system
fault trees. The fault trees for the
individual system failures in an acci-
dent sequence are combined "through an
intersection 1logic (an AND fault tree
gate) to form the event of all the
systems failing in the accident chain.
Example 4 shows the associated fault
tree construction for a given accident
sequence composed of the initiating
event (I), system 1 failure (Fp), system
2 failure (F3), and system 3 success
(s3) .

Initiating Event

m System 1 System 3
Failure Success
R IF1 F283
(F1) System 2 (S3)
Failure
(Fﬂ
Accident
Sequence
IF, F .S
Ol:cu2rs3
I —
Initiating System 1 System 2
Event Faiture Faiture

Example 4. An Accident Sequence and the
Associated Fault Tree
Construction

In Example 4, the symbol C:) denotes
the fault tree AND gate; the event above
the gate will occur if all the lower
input events = occur (an intersection
relation). The boxes labeled "System 1
Failure" and "System 2 Failure" are to
be replaced by the individual fault
trees that have been drawn for - these
systems. In the example, the initiating
event' is also shown as an input event to
complete the accident sequence defini-
tion.

"System 3 Success" is not shown in the
illustrated accident sequence fault tree
since it acts as an inhibiting, or re-
stricting, condition (it could be shown
by appropriate fault tree symbols). 1In
the fault trees for systems 1 and 2,
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those shared components whose failure
would also cause system 3 to fail are
omitted since system 3 is given to have
succeeded by the accident sequence
definition. :

If such system successes had been
ignored in the study's fault trees of
accident sequences, then a more conser=-
vative model would have resulted (yield-
ing higher failure probabilities) since
component failures could have been in-
cluded that would have caused these:suc-
cessful systems to fail. :

The accident sequence fault tree is thus
simply a standard fault tree, and it can
be evaluated and quantified using stand-
ard fault tree quantitative techniques.
The component failures that are common
to the systems are handled by standard,
Boolean fault tree reduction techniques
(e.g., any single failures that cause
multiple systems to fail will be
identified). The result of the quanita-
tive evaluations will be the desired
accident sequence probability that is to
be associated with the accident results
determined for that sequence. Appendix
V describes the accident sequence
manipulations and quantifications that
were performed in the study.l

f. oOutput of the Event Tree and Fault

Tree Evaluations

The preceding discussions described the
event tree construction and quantifica-
tion techniques used to obtain accident
sequence probabilities. The event tree
accident sequences also determined the
physical processes and their timing
involved in the various sedquences.
Separate analyses (described in
Appendices V, VII, and VIII) determined
the magnitude of radiocactive releases
for the various accident sequences.
With a probability and radioactive
release magnitude determined for each
pertinent accident sequence, risk
calculations can then be performed using
these sets of values as source terms.
The collection of probabilities ‘and
radioactive releases for the accident
sequences 'in the various event trees
gives the set of data points that serve
as the  basis - for determining the risk
from potential nuclear = power  plant
accidents. The determination -of the

1

risk and the application of the accident
sequence probabilities and associated
radioactive releases are described in
Appendix VI. The significant results of
the overall risk analyses are presented
in the Main Report. .

3.2 SPECIFIC COMMENTS ON
METHODOLOGY - :

The general comments received concerning
the adequacy and utility of the WASH-
1400 methodology were combined with
other comments of a similarly broad
nature and have been discussed in the
preceding section 3.1. However, the
study received a number of specific
comments that require a response in
kind. These are presented below.

COMMENT 3.2.1

The recent fire at the Browns Ferry
plant, an example of a common mode fail-
ure that disabled a number of systems of
two. power reactors simultaneously, em-
phasizes the need for a thorough
examination of common mode failures.

' . (U.S. Environmental Protection
Agency)

RESPONSE

An extensive discussion of the overall
methodology used in the analysis of
common mode failures by the Reactor
Safety Study is provided in section 3.1
of this appendix to respond to the many
comments received on this subject. The
reader is referred to that section for a
better exposition of the methodology
than was provided in the draft report.

However, since the draft report did not
specifically address the potential risks
that could be associated with large
electrical fires, this response provides
some further discussion of that area as
well as 'a specific analysis of the im-
pact of the Browns Ferry fire on the
probability of a core melt accident.

The potential for large electric ‘fires
was considered qualitatively by the
study in +the course of its accident
analyses. The study concluded at that
time that the start of a fire in or near
the cable spreading area was a relative-
ly low probability event in comparison

It should be noted that, instead of fault tree logic, any Boolean related ’logic.b

could be used to combine the system failures in the accident chain. Also, the logic
is applicable to multistate definition for the systems. The important factor is the
identification of dependencies and the component failures common to the involved

systems.
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with some other types of events consid-

and firefighting techniques
fire, and

prevention
would limit the extent of a

‘ered in the study, that the use of  fire

that even if a large fire occurred, it
~would be wunlikely, because of such
design features as cable separation, to

cause a large release of radiocactivity.

vTo check the validity of its qualitative
judgment, the study has made a quantita-
tive assessment of the potential for the

Browns Ferry fire to have caused a
significant release of radioactivity.
The results of this analysis indicate
that the potential for a core melt
accident as a result of the fire is
estimated to be about 20% of that
obtained from all other causes analyzed
in WASH-1400. Since this value is
within the band of uncertainty of the

predictions made in WASH-1400, it can be
said that, if this fire is typical of
the possible gamut of large electrical
fires at nuclear power plants, the
Browns Ferry fire does not affect the
validity of the overall WASH-1400 risk
assessment. Furthermore, a lesson that
emerges clearly from the examination of
the fire that occurred is that rather
straight-forward measures, such as may
already exist at other nuclear plants,
can improve fire prevention and fire-
fighting capability and can significant-
ly reduce the likelihood of a potential
core melt accident that might result
from a large fire,

It should be recognized that the analy-
sis of the fire at Browns Ferry neces-
sarily concerns itself with the specific
sequence of events that actually oc-
curred. Thus the conclusion stated
above (i.e., the fire that occurred does
not constitute a major contributor to
the risk of a core melt accident) may be
of somewhat limited applicability. It
would be useful to pursue the collection
and analysis of data associated with
fires as well as the development of a
risk model for the treatment of fires.,

The specific analysis of the fire was
performed for plant No. 1 since the
equipment damage in plant No. 2 was much
less extensive;—thus ' the analysis for
plant No., 1 bounds the probability of
core melt at Browns Ferry as a result of
the fire.

1

reference: U.S. NRC Office of

Tennessee Valley Authority Browns Ferry Unit 1 and Unit 2,

The course of events that occurred during the fire is
Inspection and: Enforcement, Region II, report of

An examination of the course of events

during the fire indicates that there
were three time ©periods (hereafter
called phases 1, 2, and 3) of interest

in analyzing the likelihiod of a large
release of radiocactivity. Figure XI
3-8 indicates the times of interest and
the predicted probabilities of core
melt. Once the reactor was shut down,
the situation required the removal of
decay heat, as described in the tran-
sient event tree in section 4.3.2 of
Appendix I. Since the normally used
decay heat removal system had been made
inoperable by the fire, it was necessary
to rely on alternative means for per-
forming this function. In phase 3, with
the ability to open and close the re-
motely actuated reactor vessel relief
valves from the control room, decay heat
could be removed from the core by dis-
charging steam (and its associated heat)
from the reactor vessel to the contain-
ment vapor suppression pool. At the
same time water could be pumped (at
relatively low pressures of 350 psig
since opening of the relief valves could
maintain the vessel pressure at low
levels) from various storage areas into
‘the reactor vessel to ensure that the
fuel remained covered. A significant
number of pumps, each of which could
accomplish this function, were avail-
able. A large amount of equipment was
available in both phases 1 and 3.

In phase 2, decay heat could be removed
either by pumping water at relatively
high pressures (from >350 psig up to
about 1000 psig) and having safety
valves open to remove steam and 1its
associated heat or by RV depressuriza-
tion. As indicated later, some normally
operating equipment (the control rod
drive pump) was available to add water
at high pressure, but it required
augmentation by backup equipment, some
of which required significant times to
activate, in order to ensure that  an

adequate level of water was maintained
in the vessel. Although the relief
valve control failed at approximately

5.5 hours after the ' fire and was re-
paired 1in - approximately 4 hours, the
analysis of phase 2 also considered
potential variations that could have
occurred both in the time of failure and

in the time to repair the control.

described in the following

#50-259/75-1 and #50-

260/75-1, "Fire in the Cable Spreading Area and Reactor Building on March 22, 1975,"

of July 25, 1975.
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P¢ = Total estimated probability of fire—caused core melt at Browns Ferry.
@ = Phase 1 of the fire, during which significant amounts of equipment were available

for adding water to rea

ctor vessel,

@ = Phase 2 of the fire, during which the controls for the reactor vessel relief valves
were or could have been failed, thus requiring the addition of water to the vessel

at higher pressures (up

to approximately 1000 psig).

@ = Phase 3 of the fire, during which the controls for the reactor vessel relief valves

were or could have bee
addition.

n repaired, thus requiring only fow-pressure water

Fig. XI 3-8. Predicted Probability of Core Melt versus Time During the Browns

Ferry Fire.

Attachment 1 consists of the logic trees
for phases 2 and 3 (Figs. 1 and 2, re-
spectively), the 1list of potentially
available equipment for phases 2, and 3,
and the evaluation of the trees. It is
noted that these logic trees are in
summary form and do not depict  all

repair substeps discussed herein, .Eval-
uation of the logic trees vyields
conservatively estimated value of
1.0 x 10~5 and 4.0 x 10-7 for phases 2
and 3, respectively. An evaluation of
phase 1 would yield results similar to
those for phase 3.
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Attachment 1 to Section 3.2.1
Analysis of the Browns Ferry Fire

PHASE 2
FAILURE POSSIBILITIES FOR PHASE 2

2, had the control system
for all 11 relief valves been inoper-
able, the single operating control rod
drive (CRD) pump would have been
incapable of maintaining an adequate
level of _water in the core at high
pressures. Examination of the ways in
which the CRD flow could have been
augmented revealed that the high-
pressure makeup sources listed below
were, to varying degrees, viable options
for this purpose.

During phase

High-Pressure Makeup Sources

RCIC - The controls needed to open the
reactor core isolation cooling system
valves were disabled by the fire, obvi-
ating the ability to use decay heat
steam from the core to operate the
steam~turbine-driven pump. However, the
RCIC delivery could have been restored
by using steam from the on-site auxi-
liary boiler. Consideration of the
steps involved to provide steam to the
RCIC revealed that its operation could
have been restored within the available
2-hour repair time window., (These re-
pair actions were in fact under way.)

HPIS - The high-pressure injection
system was also disabled by the fire,
and repair actions quite similar to
those for the RCIC system would have
been needed. Repair of this system
involved the installation of a .large
spool piece connection under difficult
access conditions. Furthermore, the
HPIS repairs had, in fact, not been made
within about 26 hours after the start of
the fire. For these reasons, the HPIS
option was taken as not being a very
viable option (i.e., a failure probabil-
ity of 1.0 was assumed).

1

Other Possible High-Pressure

Sources

Makeup

SLC - The standby liquid control system
was without electric power for several
hours into the fire; however, this sys-
tem could have been energized by repair
action if necessary. The SLC consisted
of several positive displacement pumps
(each with a capacity of about 56 gpm)
that could have been placed into opera-
tion to satisfactorily augment the CRD
pump flow.

CRD Spare Pump and Pump from Plant
No. 2 - The use of an additional CRD
pump could not have satisfactorily aug-
mented the existing CRD flow by
providing enough incremental flow to
keep the vessel inventory at suitable
levels., Thus, these are not shown on
the logic tree as a viable option.

CRD Bypass Flow = Opening of a bypass
line 1in the CRD system would have
satisfactorily augmented the existing
CRD flow by redirecting an incremental
flow to the reactor vessel, which would
have approximately doubled the existing
CRD flow,

EVALUATION OF PHASE 2 LOGIC TREE

Best~Estimate Evaluation

For the quantification, the event sym-
bols will be used as shown on the tree
(Fig. 1) and P3 will denote the proba-
bility of the event during phase 2.2

The availability of a -‘large number of
plant personnel during the course of the
fire and time windows available provide
the basis for - the " assumption that
repairs could be . performed simultane-
ously in several ' areas when multiple

In actuality, a single CRD pump was operating in this interval, and the remaining 4

of - 11 relief valves allowed the plant operator to manually depressurize the reactor
coolant system to a pressure level (<350 psi) where the low-pressure condensate pump
could be used to augment the CRD makeup capacity. -

2Exponential outage modeling is

used for repair lasting longer than the critical

maximum time, as described in section 3.5.3 of Appendix II.
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Failure to
maintain vessel
inventory during

phase 2
Py = 0.003
.CRD [ - B ] Rcs
Failure to provide “Failure to control -
high-pressure delivery " RCS pressures to Ieés' t
1o augment CRD pump than 350 ig b
in ~2 hours when RCS < steam re“:’slg v
- pressure is high I
p = 005 . P - 008
‘RCIC [ 1 cRrD v . 1 MSIV
S Raiture t - Faiure to restord - - Failure to valve in . . A Failure of remajning . . BN
| atlure to restore ailure to restort other possible sources relief valves and failure | Failuré to repair
RCIC .operation in - 2 E HPIS operation in +" to augment CRD . N N A ¢ N Il
~2 hours ) : ~2 hours augme to repair at least one . . MSIV  in ~2.hours -~
b = 04 b =10 defivery in ~2 hours | valve of 11 in>2 hours -1 p=1
- p = 012 - p =006 - - -
CRD-FLO [ — ] CRD-SLC
. Failure to valve in o o Failure 10 repair SLC - -
CRD bypass flow in . tor delivery in )
~2 hours: - . : Co ~2 hours
~ . P =03 .. . s . e T e =04

Figure 1. Failure Possibilities for Time Less than 5.5 Hours After Fire .Start.

faiiufes_ occur. Therefofe}?'ffbm the broxiﬁetely 26 ~houre into the actual

straightforward tree logic, the proba-. : incident, they are. taken as not being
bility of inability to maintain +Vessel very viable:' options; that is, for the
inventory, P2, can be expressed'aelrz‘h best-estimate calculations, P(HPIS) = 1

and P(MSIV) .=~ 1, The probability: Py
therefore becomes
P, = P(RCIC) x P(HPIS) x P(CRD-FLO) .

P, = P(RCIC) X P(CRD—FLO) X P(CRD SLC)

x P(CRD-SLC) x P(RV) "x P(RV).

‘x P(MSIV): . - . :
: The actual.repair of the _SLC required

Using the above equation, a Dbest- approximately . 3.5 hours, 3 However, a
estimate calculation can be performed value of 2+5.hours is used as the , best
for the @ actual incident, - and _ then: estimate of the repair time because it
sensitivity. studies can be .made . to has been estimated that if the . SLC . had
establish - ‘bounding values. .Since.the been required, it could have been re-
HPIS and -‘MSIV were still unavailable ap- paired in about 1 hour,4 - Also, -the
1

Symbols refer to events as identified on the fault trees.

2The use of Boolean algebra in gquantification is extensively discussed in Appendix™
I, .

3U';S;:'NRC Office of:Ins?ection and Enforcement, Region:II,‘report'ef TenneseeeAvelleye

Authority: "Browns- Ferry -Unit 1 and-2, #50-259/75-1-and’ #50-260/75~1, -"Fire in the.

Cable Spreading Area and Reactor Building-on .March 22,-1975," July 25,.1975. '

4Statement by Benard C. Rushe, Director ‘of Office of Nucléar Reactor Regulatlon, U S. ‘

NRC, Before the Joint Committeeé on Atomic Energy, September 16, '1975.
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. relief' valves were observed to fail at
approximately 5.5 hours, and the repair
required 3 hours and '50 minutes (3.8
hours). These two values will be used
as the best estimate of the mean failure
time and repair time, respectively.
(The calculations are thus conditional

on these values being observed and’

used. ).
Using the above values, the two proba-

bilities (PCRD-SLC) and P(RV) are
evaluated as

P(CRD-SLC) = exp(-2/2.5) = 0.4,

where a 2-hour time is available_befofe

coolant falls below acceptable limits.

P(RV) = [1 - exp(~5.5/5.5)]
exp(-2/3.8) (exp{-2((1n 2)/0.5]}

+0.1) =.0.06,

where 5.5 hours is used for the time
possible for failure and a 2-hour outage
time is again-used. The relief valve
failure, RV, consists of failure of four
relief valves remaining without their
repair, failure to repair those valves
initially failed or failure of the
accumulators for the valve controls.

Since repair times were not observed for
the RCIC failure (i.e., restoration of
RCIC operation), the CRD~-FLO failure
(i.e., valving in the CRD bypass flow),
these repair times were estimated.
Based on the operations involved, the
median repair times are estimated as
follows:

‘Median Repair Time-

‘System

. . (hours) -
'RCIC* o RV (9
CRD-FLO . ~1.0

The restoration of * the: RCIC operation
involves disconnecting the electrical
leads, connecting the spool - piece, and

developing sufficient steam from the
auxiliary boiler. The limiting items"
involve the :spool piece.connection and

the steam development. The median time
for performing these operations is esti-
mated to be 1.5 hours undéer efficient
operator utilization.

1
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The CRD-FLO 1involves a valving opera-
tion, the estimated median times being
1.0 hour. . '

The above median repair times account
for response and diagnosis times as well
as actual repair. Sensitivity studies
are performed below to investigate the
effects of different repair times on
these and the other failures.

Using the above median estimates and
transforming to the mean repair times
required for the exponential outage
equations, one "obtains the following
failure probabilities:

P(RCIC) = exp{-2[(1ln 2)/1.5]} = 0.4,

P(CRD-FLO) = exp{-2[(1ln 2)/1.0]1} = 0.3,

Therefore using the above probabilities
for CRD-SLC, RV, RCIC, and CRD-FLO, the
probability of failure to maintain ves-
sel inventory is then

9
"

0.4 x 0.06 x 0.4 x 0.3

i

0.003,

or approximately one in 300, given the
fire occurrence,

Since approximately 200 reactor-years of
experience exist, the probability of a
fire occurrence 1is _estimated to be
1/200, or 5 x 10~3 per reactor-year.
Multiplying 0.003 by 5 x 10-3 then gives
the (unconditional) probability of core
melt from fire occurrences per reactor-
year: :

3
Pro

core melt = 0.003 x 5 x 10~
+ =1xl0_5

; . i per reactor-year.

Sensifivity Evaluations

If the . previously used median repair
times- for the RCIC, -CRD-FLO and RV
events. are increased by 50% (i.e., the
previous median values are multiplied by
1.5), then the following results are
obtained:

Results are rounded to one significant figure in this section.
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P(RCIC) = 0.5;
P(CRD-FLO) = 0.4;
P(RV) = 0.1;

P2 = 0,01;

and

5

P core melt = 5 x 10

F2
per reactor-year.

Scaling the median times down by the
same factor (1.5) gives the following
lower bound values:
P(RCIC) = 0,3;
P(CRD~FLO) = 0.1;
P(RV) = 0,04;

P

1
o
.
o
o
o
-
~

, =
and

2 x 107°

P core melt

F2

per reactor-year.

The above values for the Py event and
the occurrence of Ppy core melt (per
reactor-year) can be taken as rough
bounds on the best-estimate values
computed in the preceding section.

PHASE 3
FAILURE POSSIBILITIES FOR PHASE 3

The Phase 3 structure logic presented in
Fig. 2 involves essentially the same
equipment as used in Phase 2, except
that the flow required to maintain
acceptable water level can be met by the
operating- CRD pump plus a number of
alternative actions to augment its flow.
As noted above, even if the operating
CRD pump failed, the time window avail-
able for restoration -of damaged
equipment was estimated to be between 3
and 4 hours because the level of decay

lSection 5 of Appendix III.

Attachment 1

heat was diminished. These potential
failures were considered in the quanti-
fication shown in Fig. 2.

EVALUATION OF PHASE 3 LOGIC TREE

Best Estimate Evaluations

The analysis is similar to that used for
times shorter than 5.5 hours. The event
symbols are shown on Pig. 2, which
depicts the logic for times longer than
5.5 hours. (The tree logic shows the
more significant contributors.) Since
the 1logic 1is a bit more involved, the
quantification will proceed from the
bottom of the tree to the top. A 3.5-
hour maximum outage time will be used in
the calculations. For the CRD failure,

P(CRD) = (P(CRD 1) + P(CRD 2),

where again the event PUMP denotes both
failure to use the spare pump and the
plant No. 2 pump. Using the pump data
in Appendix III and the previous 0.5
median repair time for the PUMP event,

P(CRD 1) = [1 - exp(-1 x 10~3 x 24)]
exp (-3.5/7)

exp{-3.5[(1n 2)/0.5]}

1 x 1074,

where a 1 x 1073 per hour failure rate

is used for the pump to account for
possible degradation and a 7-hour repair
time is wused for pump repair. Using
the data in the previous section for the
SLC failure and the CRD bypass failure,
and using the observed repair time of
approximately 6.1 hours for the steam
drain line valves P(CRD 2) becomes

P(CRD 2) = exp(-3.5/6.5) exp(-3.5/2.5)
exp(-3.5/6.5) exp(-3.5/2.5)
exp{-3.5[(1n 2)/1.0]}

=1 x 1072,

Therefore

P(CRD) = 1 x 1074 + 1 x 10~2

=1 x.10"2,

As in previous calculations, the HPIS
event is not taken as a very viable
option [P(HPIS) = 1], Using a l.5-hour
median time for the RCIC, as before,
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Failure to maintain
vessel inventory
during phase 3.

Py = 8x10°

LOCA . EP
Fail f lant cr
Unacceptable coolant ailure of coo anf u ble | §
loss from RCS makeup systems for nacceptable loss o
(e LOCA) time interval of electrical power
'9‘; 3% 106 3-4 hours p = 1x106
p = 8x10
HP = ] RCS
Failure to provide Failure to control RCS
high-pressure delivery pressure to less than
of coolant to RCS for ~350 psig by steam
time intervals of 3 hours relief 2
p = 2x10 p = 4x10
HPIS [ ]._RCIC RV [ ] MSIV
CRD : Nonrestoration of at
Failure to restore Failure to Provide Failure to restore | 1 of 11 failed Failure to repair
HPIS operation in Sufficient CRD Flow RCIC operation in east 1 08 L 2Te o
~3-4 hours ~3-4 hours relief valves by MSIV in 31—1:)hours
— - - ir in ~3-4 hours p =1
=1 1x 102 p = 2x 1071 repair in
P 0 p = ax102
I 1
Failure to augment
Failure-of CRD pumps CRD pump flow
p = ix 10-4 CRD 1 in~3 - 4 hours CRD 2
p = 1x102
[ — CRD-PO = 1
Failure“to n_esto\rg CRD Faiture of o;_)era\ing Failure to open steam Failure to repair SLC Failure to valve in CRD
":gm‘: ow in ~3-4 Ci;;) :“mp in drain fine valve for delivery in bypass flow in
b ours = -1 ~3-4h ~3-4hours
= -3 = -2 p = 6x10 ours
p = 5x10 p = 2x107 p = 2x10" p = 9x102
PO T 1_PUMP

Failure to use one
of two additional CRD

Failure to répair
failed CRD pump in

~3-4 hours pumps in ~3-4 hours
p = 6x 101 p = 8x103
Figure 2. Failure Possibilities for Time Greater Than 5.5 Hours After Fire Start.
. (Noté: -Period of time actually considered for analysis purposes was
about.l day after fire.)
P(RCIC) = exp[-3.5 (In(2)/1.5)1 P(Rés) = P(RV) = exp(-3.5/3.8),
= -1 . : .
2 x 107°. x(exp{-3.5[(1n 2)/0.5)}
Therefore + 0.1)
P(HP) = P(CRD) x P(RCIC) = 2 x 1073,
3 ) or
In the RCS event, the MSIV is again not
taken as a very viable option, and hence P(RCS) = 4 x 10'2,
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using similar logic as in Phase 2,  The
probability for the CL event therefore
becomes

P(CL) = P(HP) x P(RCS) = 8 x 1073,

The LOCA. contribution to the P3 top
event (using the linear approximation to
the exponential) is

P(LOCA) = 10~3 x 24/8760 = 3 x 1076,

where a small-pipe-rupture number of
1 x 10-3 per year is used.

Finally, the electric power contribution
is (again- -using the linear exponential
approximation) ' .

P(EP) = 2 x 1075 x 24 x .2 x 1 x 1072

3 x 1076,

where the failure .rate for 1loss of
offsite power is taken as- 2 X 1073 per
hour and a 0.2 probability is taken for
the critical outage duration. A proba-

End,Qf‘Attachment‘ll

bility of 10~2 per demand is used for
the unavailability of the diesels.l

The total probability for the top event,
Py, given the fire occurrence, is

P3 = P(CL) + P(LOCA) + P(EP)

8 x 1075 + 3 x 1076 + 1 x 10°6

8 x 1073,

The unconditional reactor-year probabil-
ity is :obtained by multiplying by 5 x
10-3, or

Pp3 core melt = 4 x 10-7
o . per. reactor-year.

The error spread on the above values

-would be approximately a factor of 10 in

either direction and arises principally
from the pump failure rate
median repair time errors. (The pump
failure rate error is given in Appendix
III, and the median. repair time errors
were investigated in the previous
calculation.) '

error and

COMMENT 3.2.2

With regard to PWR reactor vessel rup-
ture, Appendix I, section 4.1.4, it is
not clear how the polar crane presents
an effective missile barrier for the
entire upper portion of the containment,

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)

RESPONSE

The presence of a polar crane, such as
is used in all PWR reactors, serves to
protect the integrity of the containment
against the impact.of upward-=bound mis-
siles occurring from failures in the
upper region of the reactor vessel.

Such missiles could arise from potential
failures of the vessel in its upper
region (specifically failures of the
head bolts or failure in a region under
the reactor vessel flange that supports

lSection 6.3.3 of Appendix III,

the core). . Initial analyses using con-
servative assumptions ‘as to the acquired
momentum of the head and/or core, but
excluding the presence of the crane,
revealed that the momentum would be such

that a breach of containment integrity

could not' be ruled out. However,
additional analyses, taking into account
the presence of the 200-ton crane di-
rectly over the centerline of the reac-
tor vessel and the possible trajectories
of the vessel -missiles, revealed that
the - crane would prevent such potential
missiles from impacting on the contain-
ment building, and thus they could not
cause failure of the building. Since
the crane is always present over the
vessel centerline, the study concluded
that the probability of such missiles
leading to a breach of ‘the containment
is negligibly small,

COMMENT 3.2.3 S

In section 4.1.5 of Appendix I, the
reason- for not considering  rupture .of
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steam generator tubes and subsequent
overpressurization of the secondary sys-
tem  with = potential for rupture outside
the containment should. be stated;

- (U.s. Env1r0nmental Protectlon
Agency-Intermountain
Technologles, Inc.)

RESPONSE
The impact of steam generator tube rup-
tures was assessed, and  the potential

for the overpressurization and rupture
of the secondary system outside the

containment was. considered. The speci-.

fic sequence postulated by this comment,

though not explicitly addressed in
section 4.1.5 of Appendix I, is covered
in section 4.1.6 "PWR RCS Ruptures into
Interfacing Systems." 1In examining the
potential for steam generator tube "fail-
ure to overpressurize the secondary
system, one must consider that operation
of the safety/relief valves provided - on
the steam generator .would preclude this
event. As discussed in- sections 4.3.1
and 4.3.2 of Appendix V, the probability

of failure of . thesé secondary steam

rellef yalves_ls negligibly small.
COMMENT 3 2. 4

In section  4,2.1 of Appendix I, it is
not obvious ‘why the situation of ‘auto-
matic trip failure occurring with loss
of ‘electric power sequence was elimi-
nated from consideration. ‘

(U.S._ Environmental Protection

Agency~-Intermountain
Technologies, Inc.)

RESPONSE

It is correct that the BWR .LOCA event

trees .do not . show.a failure path .that

includes failure of -electric power and
failure - of . the . :reactor protection

system. .- "This . path’ was :  .éliminated

because the.:"loss.of electric power de-
energizes :the..power contactors in - the
reactor  s.protective .. system; : this
automatically initiates’ the signal for
the.control-rods-to-inserts "The failure
probability of .this: insertion.  is . .less
than 10-5 per event. Since the loss of
electric power can. lead -to’:core: melt
whether : :or . not ‘scram occurs, -a .failure
to scram would only .affect the timing:of
the .core’ melt:-. (i.e., " it . could occur
approximately 0.5 --to:. 1. ‘hour: sooner).
This earlier melt.would.result in only a
minor: increase. in the. fission. products
released and therefore makes no signifi-
cant change in the consequences of .this
accident sequence.

COMMENT 3.2.5

In the 'LOCA " functional event  tree
development in section 2 of Appéndix I
(relative to the - footnote about post
accident hydrogen’ generation) it appears
that the containment building purge
system has a probability of failure
which is not acknowledged.

(U.S. Environmental Protection
.Agency-Intermountain
Technologies, Inc.)

RESPONSE

The discussions ‘that develop the LOCA
functional event trée indicate that the
operability of the PWR hydrogen control
systems did not affect the overall as-
sessment of risks in a significant way.
In situations where the core does not
melt, the raté of hydrogen generation by
radiolysis would be low, " and. it would
take weeks for the hydrogen concentra-
tion to reach flammable 1limits in the
containment. Thus, if hydrogen purge
systems were to fail, there would be a
high chance of repair in this interval.
Furthermore, the radioactivity release
would be small during a hydrogen purge
and the magnitude of release would be
covered by the PWR sequences A and AB;
these did not - contribute significantly
to the accident risks. ‘ ‘

COMMENT 3.2.6 * -

Containment failure occurring due to
overpressure several hours after core
melt 'is mentioned, but no credit -is
tdken for ‘measures that could be taken
to prevéent overpressurization.

-(General Electric Co.)

RESPONSE

The analyses performed ‘in WASH-1400" sug-
gest “that- controlled containment venting
or -‘other mean$’ of preventlng containment
fallure due’ to- overpressure by steam and
noncondensable gases mlght potentially
prov1de “some ‘reduction - in the risks
assoc1ated with reactor acc1dents.’ How-
ever,- no credit was given for operator
action in this regard because it would
entail a violation of existing proce-
dures. Furthermore, the study sought to
determine if venting could be effective
in" the case-of-a large:  LOCA in a BWR
since :there rare both-drywell and wetwell
vents. These .vents- have -an..effective
venting - size.of-a 1 inch.diameter hole,
and only one vent can be operated at a
time. As stated in section 3.3.2 of
Appendix VIII, "small containment iso-
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lation failures, 1i.e., equivalent to a
l1-in,-diam holes or less, will not pre-
clude containment failure by overpres-
surization." Therefore, controlled
venting to prevent containment overpres-
sure failures did not appear to be a
viable option in the plant analyzed.

COMMENT 3.2.7

Comments were received that questioned
the smoothing technigue used in combin-
ing the event tree sequences to deter-
mine the probability of a given release
category. These comments questioned the
theoretical basis for smoothing, and
most indicated an opinion that tHe use
of smoothing introduced undue ' conserva-
tism,

(U.S. Environmental Protection
Agency;

General Electric Co.;
Westinghouse Electric Corp.;
Amory Lovins)

RESPONSE

As described in section 3.1 of this
appendix and section 4.1.2 of Appendix
V, the smoothing technigque is wused to
account for the possible variability in
the magnitude of radiocactive releases
from a particular accident sequence.
Because of this variability, an accident
sequence that is assigned to a partic-
ular release category has some possibil-
ity of falling into adjacent categories.
The smoothing thus accounted for. the
chance of this miscategorization which
had not been included in selecting the
particular values of release magnitudes.

While it is true that the use of smooth-
ing may introduce some conservatism, the
.values,K chosen were based on the engi-
neering Jjudgment of those involved . in
the calculation of release magnitudes.
The elimination of smoothing is clearly
unwarranted because the real variations
possible 1in the physical processes af-
fecting radicactive release magnitudes
would have been omitted from considera-
tion. :

COMMENT 3.2.8

One comment referenced an unsuccessful
application of reliability techniques to
the analysis of the ignitor of a Skybolt
missile because of the presence of flaws
induced by- welding.

(Union of Concerned Scientists)

RESPONSE

It is always important to verify that
the population of collected failure
rates 1is applicable to the particular
situation under analysis. If the popu-
lations for failure data had contained
welding-related failures, then the fail-
ure rate range from that population (and
not the point’ value) would have
encompassed the pertinent situation.
One cannot generally use point values
and treat them as being exact since
there will always be variabilities and
uncertainties. This is why the study
believes that the random-variable treat-
ment represents a realistic and believ-
able approach.

COMMENT 3.2.9

There was a comment gquestioning the
maintenance treatment used in the
study's fault tree quantifications. For
a doubly redundant system, the study
obtained the maintenance contribution by

‘multiplying the maintenance downtime

contribution of one leg by the unavaila-
bility of the other redundant leg. An
additional detection factor was suggest-
ed as being required in this multiplica-
tion which would reduce the overall
maintenance contribution, . The study's
use of a given maintenance frequency,
independent of the system unavailabili-
ty, was also questioned,

(General Electric Co.)

RESPONSE

The unavailability contribution that the
study used to multiply the downtime con-
tribution was the undetected contribu-
tion (i.e., the unavailability contribu-
tion due to those failures that would
not be detected before or during the
maintenance act). In certain of the
study's fault tree quantifications, the
total unavailability was reduced by . the
detected contribution +to obtain - the
applicable undetected contribution - that
was used in the multiplication. .

The maintenance frequency. used in the
study 'did not apply to systems but to
individual components. In . general,
these components consisted- of pumps,
valves, and other active components.
From the - maintenance data examined
(section 5 of Appendix III) no signifi-
cant differences were observed in the
maintenance frequency, within the accu-
racies of the analysis.
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COMMENT 3.2.10

were given of actual incidents
sequential human

Examples
that involved several
or equipment failures, The comment
questioned the ability of the study to
predict such events using the method-
ology employed in WASH-1400.

(Union of Concerned Scientists;
The National Intervenors)

RESPONSE

In performing its assessment, the study
reviewed not only the examples cited in
the comment but also many other sources
of pertinent data. The study's analyses

were not meant to be taken out of con-
text and extrapolated to different
situations or different sequences.

Sequential failures must be treated by
sequential methods; alternatively, it is
necessary to identify, by the use of
methodology similar to that discussed in
sections 3.1.2.1 and 3.1.2.2¢ of this
appendix and in Appendix I, single based
causes that govern the sequences of
failures. In one instance cited, aging
was used as an example of a common mode
failure. It should be recognized that

the study did not include extreme aging
considerations since the applicability
of its results is limited to only- the

next 5 years.
COMMENT 3.2.11

The risk calculation involved the as-
sumption of double contingency on active
components and single contingency on
passive elements. Although the passive
element assumption appears adequate,
primarily because it is probably masked
by active component failure, it is felt
that the exact solution should be calcu-
lated for these cases. The assumption
of double contingency on active compo-
nents, however, probably results in
overconservatism by a factor of-at least
3. The experience in one major utility
has been, that, for. a typical series
(parallel 30 component systems for an
electric station with 16 successful
paths) there is a 4 to 1 variation in
calculation of the mean time between
failures to carry out the mission in the
conservative direction when the double
contingency solution is compared to the
exact calculation.

(Edison Electric Institute)

lIn the

assumed to fail the systemn.

RESPONSE
Double contingency was not assumed;
however, double failures were retained

when they existed and consisted of
active components.l The exact probabil-
ity obtained by keeping all redundancies
will be not lower but somewhat higher in
comparison to the probabilities obtained
by keeping only certain combinations).
The effect will be small, however, if
the dominant failure contributions have
been identified.

COMMENT 3.2.12

The discussion in section 2.4 of
Appendix II, volume 1, is unclear. The
relation to regulatory single-failure
criteria should be explained.

(Amory Lovins)

RESPONSE

The referenced discussion does not have
any relationship with the Nuclear
Regulatory Commission's single-failure
criterion. The Nuclear Regulatory
Commission's single-failure criterion is
a design requirement imposed to achieve
suitable redundancy in safety systems.
The referenced discussion pertains only
to the quantitative methods that were

used in evaluating WASH-1400 fault
trees.

COMMENT 3.2.13

A comment was received on the study's

handling of certain common mode fail-
ures. An example was given of miscali-
brating four parallel channels. Table
IIT 3-5 in Appendix III was cited as
giving three such failures out of a
total of 303 failures, which was inter-
preted as yielding 10-2 for the miscali-
bration error (3/303). This was stated
as being at odds with the tight coupling
assessment used in Appendix III giving
3 x 1005 or the loose assessment cou-
pling assessment described in Appendix
IV which the comment wused to give
3 x 10-8,1 Another example was then
given in which the study's methodology
was purportedly used to obtain 10-20 for
a sequence of seven triple common mode
failures that actually occurred (E. P.

above context, double contingency implies that any double active failure is
However, the fault trees used in the

study determined

which doubles would fail the system (i.e., the minimal cut sets) and only these, out

of all the possible doubles, were included.
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Eppler, "The ORR Emergency Cooling applied when there are no. strong-

Failure,“ Nuclear Safety, Vol. 11, p. potential dependencies. The discussion

323, July—August, 1970). o C in - Appendix . .IV . 6nly -gives the various
: kinds of techniques that can be used :in-

(Unlon of Concerned Sc1entlsts) common . mode * bounding -and - quantifica-
tions. .The actual quantification, _ and

- : T .o : the - particular technique used, .is -given :
RESPONSE © - i e R in the relevant fault: tree quantifica- .

) O G e tion.

First -~ of all, -the. 10-2  probability. e

obtained from Table III 3-5 ." is .a- . TR S s
relative probability; i.e.,.given that a- With regard to UCS's use of WASH-1400

failure has occurred, there . is:..a 10-2 methodology to obtain 10720 for -:a
probability that it will involve the sequence of seven triple failures, the
miscalibration of four channels. .If the study . believes .that the methodology -
data in Table III 3-5 are uséd to obtain’ cannot be used ‘in .this . manner. . As
the absolute probabllltles of the type described .in the discussion - in.  section
computed in . the study, - then -the- 10~2 3.1 - of. :this appendix, the- methodology,A
probability must be multiplied by . the. when' correctly applied,. is - used to -
probablllty of a failure occurring. If,. determine’ the significqnt;contributors
for example,. one. uses 10-3 (per. demand)- and- failure causes. .The application - of.
as an approximately general human error the ~methodology. :in. . the :study- has
rate, ‘then: one obtains 10-3 x 10-2, or - identified:-that the.significant contrib-
10-5 (per demand), for the approx1mate utors. - to .the - probability of -reactor
absolute miscalibration rate. Since accidents involve-only a:.small.number-of
Table III 3-5 has only gross data with failure - causes;. i.e.;, single .system
regard to human errors, these data were failures that are- dominated by ' single.
used principally to. check the study's. type - failures within - systems. When,
assessment., - The, actual quantlflcatlons‘ these. exist, as -they did in the study's.
were, performed using the methodology and. applications, then the .contribution-from .
data descrlbed in section 6.1 of Appen- seven triple failures 'will necessarily,
dix III. . The loose. coupllng methodology' be small  :and. will: not _affect ;. the
descrlbed 1n Appendlx IV is. only to be) results. . c . : S L

lthe 3 x 10=5.value is.-the log-normal . median .of. 10-3 .and.. 107 3 X 10 2 X 10 1 X l
where -10-3 .is ‘the -individual miscalibration raté and 1072 and 10-1 are the probabll—
ities.of additional mlscallbratlons.;nThe 3 x.10-8 value is .the log -normal median of
10-3 and 10-12, where 10-12 is the probability .of four 1ndependent mlscallbratlons.
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Section 4

Cén_séquence Model

4] INTRODUCTION

In its efforts to, improve  the computa-
tion. of potential consequences, and as a

result of . the comments received, the
study = developed  a& new consequence
model.l The principal objectives of

this' effort were to correct the errors
in the old model, to make a more
realistic and better justified
prediction of doses and dose-response
relationships, and to include the time
variation of weather parameters. While
a higher degree of realism was achieved

in dosimetry and health effects
predictions, ‘the ' treatment of
metecrological parameters resulted in a
meteorological model that still appears
to be significantly conservative. Table
XI 4-1 summarizes the average and peak
values of the consequences predicted by
the consequence models used in the draft
and final reports.

4.2 COMMENTS AND RESPONSES

A great many comments that were received
indicated that the potential conse-

TABLE XI. 4-1 CONSEQUENCE MODEL PREDICTED AVERAGE AND PEAK VALUES

Consequence

Draft Report

Final Report Change Factor

Average Values (per reactor year)

Society ‘Study Group
Concerned Scientists.

XI 4-1

Early Fatalities 5 x 10-4 3 x 10;5 x.06
Early Illness 1x10° 2 x 1073 %2
Thyroid Illness 7 x 1072 2 x 1071 x3
Latent Cancer Fa;alities 3 x 107° 2 x 1072 x7
Genetic Effect 3.x 1073 4 x 1073 x1.3
Property Damage $18,000 $20,000 x1
Relocation Area "NA 2 x 1073 mi2 -
Decontamination Area NA 3 x 1072 mi? : -

Peak Values ('\:10_9 per reactor yeaf)

- = —

Early Fatalities 2300 3300 x1.4
Early Illness 5600 , 45,000 x8
‘Thyroid Illness . .. 2800/yr 8000/yr . %3
Latent Cancer Fatalities - - _110/yr 1500/yr - x14
Geneﬁic Efféété T - ¥ '1QGZYr 1?Q/yi x1.6
Property Damage $6.2 billion $14 billion x2.3
Relocation Area 30 mi 2 290 miz_”_A x10
Decqgtaminatiop Area 400»m12 3200 mi2 x8
lU.S. Environmental Protection Agency; U.S. AEC Requlatory Staff; American Physical

on Reactor Safety; Resources for the Future, Inc.; Union of




quences predicted .in the draft report
were too ' low. The principal comments
and the actions taken in response to
them are discussed. in this section. The
justification for all of the
changes discussed below are contained in
Appendix VI.

COMMENT 4.1

The early fatalities predicted in the
study have been underestimated by as
much as a factor of 4. The arguments
that the B dose to the gastrointestinal
(GI) .tract 1is not a contributor to
fatalities are questionable, and the
dose-response curve for acute fatalities
may be in error. The evacuation model
used is overly optimistic.

RESPONSE

The principal argument advanced for the
presumed low estimate of early fatali-
ties appears to be based on the idea
that B doses to the GI tract will cause
a larger number of fatalities than those
estimated due to potential whole-body
doses. While it is potentially possible
for early fatalities to be caused by
internal B irradiation of the GI tract,

there is no history of such .involvement
except in cases where whole-body doses
were already so high as to be lethal.

It is estimated that a median lethal
dose (LDgy) of about 5000 rads to the GI
tract would cause such fatalities, as
opposed to an LDgg of 510 rads for the
whole-body dose. Since the ratio of
whole-body dose to GI tract dose pre-
dicted in reactor accidents typically
has a value of 1, it can be seen that GI
tract fatalities will not contribute to
the overall prediction of early fatali-
ties from potential reactor accidents.

The dose-response curve for early fatal-
ities in the draft report used an LDsg
of 266 rads; the value in the final
report has been increased to 510 rads.

A new evacuation model has been
developed for use in the final report.
It 1is based on a statistical reanalysis
of the same data source used in the
draft report as opposed to an acceptance

1

modeling

I. M. Hans and J. E. Sell, Evacuation Risks - An Evaluation,

of the data analysis results presented
in that source. The new model moves
people at a slower rate than the old
model.

COMMENT 4.2

Latent fatalities may be understated by
as much as a factor of 25-50. The BEIR
Report has been misinterpreted by a
factor of about 2. The calculation did
not include the effects of nonuniform
doses to individual organs. Considera-
tions pertinent to plutonium-241 were
omitted.

RESPONSE

A new model for the calculation of
latent cancer fatalities has been devel-
oped in which several significant param-
eter have been changed:

The model calculates the total man-
rem based on individual organ expo-
sures. The effect of this change
.was to approximately double the
factor of 100 cancer fatalities per
1 million man-rem used in the draft
report to about 200.

a.

The dose-response curve for latent
cancer fatalities was modified to
depart from the 1linear hypothesis
used in the BEIR report.2 The basis
for this modification was data that
have become available since the pub-
lication of the BEIR Report and the
advice of the study's medical con-
sultants. The new approach uses a
dose effectiveness factor which
depends on the dose rate and dose
magnitude; however it does not use a
threshold dose value. The effect of
this departure was to reduce the
number of latent cancer fatalities
predicted to about 100 per 1 million
man-rem,

Additional isotopes, including plutoni-
um-241 and other transuranics have been
added to the consequence model.. An
error in the weathering half-life of
cesium has been corrected, and this

Office of Radiaﬁion

Programs, National Environmental -

Research .Center,

Las . Vegas, Environmental.

Protection Agency, EPA-520/6-74-002, June 1974.

2Natidnal Academy of Sciences
Populations

National

Research. Council,
~of Exposure to Low Levels of Ionizing Radiation, Report of the Advisory

-The Effects on.  the.

Committee on the Biological Effects of Ionizing Radiations.
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substantially increased the number of
predicted latent cancer fatalities.

COMMENT 4.3

Genetic effects are understated by a
factor as much as 25-60. The effects
are predicted for only one generation as
opposed to the net effect; this amounts
to an underprediction of about a factor
of 5.

RESPONSE

The estimates of genetic effects made by
the study are based on the linear
hypothesis used in the BEIR report and
on the advice of the study's medical
consultants. The draft report predicted
only first-generation effects; the final
report predicts first~generation and net
effects.

COMMENT 4.4

Thyroid illness 1is understated by a
factor of 4 due to the omission of ef-
fects on adults and the use of an incor-
rect dose-response factor for children.

RESPONSE

A new thyroid model has been developed
based on the analysis of new data from
clinical studies and that includes pre-
dictions of thyroid nodules and thyroid
cancers. The new model incorporates
effects on children and adults.

COMMENT 4.5

The property damage model 1is unsound.
The population dose should not exceed
0.5 rem per year as opposed to the value
of 5 rem per year used in the study.
The resuspension of radicactivity depos-
ited on the ground should be considered.
The assumed decontamination efficiencies
should be justified.

RESPONSE

An improved property damage model has
been developed. It allows the accumula-
tion of potential doses, calculated with
cleanup of radioactivity, up to 10 rem
over a 30-year period in rural areas and
25 rem over a 30-year period in suburban
and urban areas without requiring the
relocation of people. However, cleanup
of radioactivity in such areas to reduce
potential doses is included in the
model.

The potential effects of the resuspen-
sion of radioactivity are included in
the new model. The land decontamination
factors are justified in Appendix K to
Appendix VI. As noted earlier, the
weathering half-life of cesium has been
corrected.

COMMENT 4.6

The potential man-rem doses were trun-
cated by computing doses out to only 500
miles,

RESPONSE

The new consequence model has been
modified to eliminate this truncation.
While the calculations are still only
carried out to 500 miles, it is assumed
that the residual radiocactivity would be
deposited on the ground in the last mesh
point of the computer program and would
thus contribute to the total man-rem
doses. This procedure is justified
because the principal contributor to
doses at this distance would be cesium.
Thus, calculating a ground dose from the
ceisum component that would actually
still be airborne as though it were
deposited on the ground counts its total
contribution to the potential man-rem
dose.

COMMENT 4.7

The adequacy of the plume rise model is
questionable.

RESPONSE

In the model used for the draft report,
the heat generated by the radioactivity
in the plume was allowed to heat the
plume, thus causing the plume either to
rise or to have enhanced vertical dis-
persion. The potential effects on plume
rise of the sensible and latent heat
that would be emitted from the contain-
ment along with the radioactivity were
neglected. '

In those potential accident sequences
which involve steam explosions, the
radiocactive heating kept the plume off
the ground for a considerable distance
downwind of the reactor. 1In the ground-
level releases, the heat was used to
enhance vertical dispersion, but not to
1lift the plume off the ground.

A new plume rise model was developed for
the final report. -It uses the emitted
sensible heat in a formation that causes
the plume to rise. Depending on the

emitted heat and the wind speed, the
plume is permitted to rise off the




ground “to varying heights; however ‘the

plume is not peérmitted to penetrate the-
inversion- layer.  This formulation is’

probably conservative because the ‘alti-

tude of the plume depends on the -heat
released and the latent heat  (which  can

be quite high compared to the sensible
heat) and radioactive heating are not
used. ’

COMMENT 4.8

The consequence model does not include
the time variation of weather param-
eters.

RESPONSE

The model has been modified to .include
the time variation of weather stability,
wind ' speed, -and rain. It does .not
include such “factors as the . effects of-
wind - shear  and .changes-in wind direc-
tion.. The net effect of these changes.
was to make - the -meteorological model
somewhat more conservative with regard:-
to those consequences that are threshold
dependent. These include early health
effects, property damage, and land
contamination.




.There were

Section 5

‘Probability of Accident’ Seqilences‘ '

A number of comments that were received
were directed toward the assessment of
the . probability of the various accident
sequences identified. Each of these
comments is discussed in this section.

Two of these comments, 5.1.1 and 5.2,
identified errors in the draft report
that resulted in changing the probabili-
ties of two BWR transient sequences. In
one case, the probability of failure of
the BWR liquid poison injection system
increased by a factor of 3. In the
second, - the probability of failure of
the high pressure safety injection
system and reactor core isolation
cooling system to provide makeup water
(event U) was decreased by a factor 4.

As a result of another comment question-
ing the ‘use of large-LOCA analyses to
predict the course of small-LOCA and
transient events, detailed analyses were
made of appropriate small-LOCA and tran-
sient event tree sequences. These anal-

yses indicated that the probability of-

containment failure due to overpressure
should  be increased for certain sequen-

ces in the PWR. These analyses also
suggested that sequence -TWy should be
placed in BWR release ' category - 3 ‘as

opposed to

category 4 in the
report, ) : -

draft

In preparing the final report, the study
also reviewed the assessments of all the
principal sequences presented in the
draft report. The review resulted in
some small modifications to the assessed
probabilities. -and - -indicated that se-
quence TWy' had been inadvertently
omitted from the compilation of BWR ac-
cident. sequences. A number of the minor
errors in sequence a551gnments were also
corrected. . -

After adjustment, the overall probabili-
ty of core melt of 6 x 1075 per reactor-
year predicted in the draft report
decreased " _slightly. to 5 x 10-5 - per
reactor<year.' . A detailed .comparison of
the adjusted probabilities -of:the vari-
ous release - 'categories:to.those origi-

‘nally* assessed is presented 1n Table ' XI

5-1.-~

.. N
PRI
P

'5.1 BWR TRANSIENT PROBABILITIES " -
comments
of the

several specific

concerning theé quantification

-sient events in which: the

BWR failure to scram probablllty. These

are summarized below.
COMMENT 5.1.1

The credit taken for operator action in

activating the liquid poison injection
system appears to be incorrectly as-
sessed. It does not appear reasonable

to take credit for manual activation of
the liquid poison injection system 'in
the event of reactor protection system
(RPS) failure based on the sequence and

number of actions that must be taken by
the operator. In view of these consid-
erations, it is not <clear why an

operator error rate of 3 x 10-2 was used
in WASH-1400.

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)

RESPONSE

The matter under discussion deals with
accident sequences initiated by tran-
reactor pro-
tection system fails to operate and the
reactor must be made subcritical by al-
ternative means. The principal alterna-
tive means involves manual activation of
the lquld injection system by the plant
operator. In the draft report, the
probability of the operator failing to
initiate poison 1injection had been
assigned a value of 3 x 10-2 on the
basis that, although only about 10
minutes were available for successful
action, the action required the operator
simply to. press a button. However, a
reexaminatiorn of thé operating procedure

for =~ initiating -~ system operation
indicates that it requires the operator
to use  key lock switches, and the
operating procedure suggests consulta-

tion with “the plant supervisor before
taking the action. The use of a value
10-1 for the probdbility of failure to
initiate system operation would be more
consistent with this 51tuat10n than the
prev1ously a551gned value of 3 x 10” 2

A reassessment of this area as a result
of the EPA comment resulted-in a_ change
in the value of 3 x 10'? to 10~1 in the
final report.  This has resulted in an
increase in the predlcted probability of
all sequences involving the failure of
the reactor protection system by a fac-
tor of 3 as indicated in section 4.3.2




TABLE XI 5-1 COMPARISON OF THE PROBABILITIES OF THE VARIOUS RELEASE CATEGORIES
ESTIMATED IN THE DRAFT AND FINAL REPORTS

Release Category

Probability per Reactor-Year

Draft Final Draft Final
PWR
1 1 7 x 1077 9 x 10”7
2 2 5 x 10°° 8 x 1078
3 3 5 x 107° 4 x 107°
4 4 5 x 107/ 5 x 1077
5 5 1 x 107° 7 x 1077
6 6 1x107° 6 x 10°°
7 7 6 x 107° 4 x 10°°
8 8 4 x 1073 4 x 1070
9 9 4 x 1074 4 x 1074
BWR
9 x 1077 x 1076
2 x 107° x 1076
-5

5 (@) Lx 107 2 x 107°

3 x 10
3 x 1070 1070
1 x 1074 x 1074
(a) BWR RELEASE CATEGORY 4 was combined with category 3 as a result of additional

CORRAL calculations for small-LOCA and transient sequences
categories.

of sequences to other release

and the reassignment

After these changes were made, no

significant differences existed between release categories 3 and 4, and so they
were combined into a single category 3.

and Table V 3-15 of Appendix V. While
this factor of 3 change would have
increased the overall probability of BWR
core melt predicted in the draft report
by about 20%, the value predicted in the
final report has actually decreased by
about 30%, as summarized earlier in this
section. This clearly illustrates the
stability of the overall accident proba-
bility predictions made in the study by

demonstrating that rather significant
changes (factors of 3) in individual
contributions have a relatively small

effect on the overall result.
COMMENT 5.1.2

It was assumed that the failure  of any
three adjacent rods to insert results in
failure to render the core subcritical.
This .assumption is described as being
conservative and it is questioned why a
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more realistic determination was not

attempted.
(U.S. Environmental Protection
Agency~-Intermountain
Technologies, Inc.)

RESPONSE

‘Examination of Table V 3-16 in Appendix

V reveals that failure to scram 1is a
significant contributor in the probabil-

ity of release categories in those
specific sequences involving transient
events. For transients that occur at

full power, as many as four rods in 2 x
2 array must fail to insert before the
scram is . ineffective A because certain
peripheral rods have lower reactivity
worths ~than do the rods near the center
of the core. _ However, the major




contributors to scram failure are common
mode failures of scram rods and common
mode failures due to test and
maintenance. These common mode contri-
butions would give essentially the same
probability of failure for not only
three rods but also for four or more
rods. Within the data accuracies, then,
the total scram probability of
1.3 x 1075 applies to either three or
four (or more) rod failures.

COMMENT 5.1.3

Since the BWR risks appear to be quite
sensitive to the probability of a single
rod failing to scram on demand during a

ransient accident, it is important that
the single-rod scram failure probability
be accurately assessed. In particular,
additional, more extensive data (which
are apparently available) should be in-
cluded in the assessment; the reason
for including only two of six reported
failures needs to be analyzed and ex-
plained; and Acero'sl analysis should be
considered.

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)

RESPONSE

The values for control rod failure used
in the draft report were 10~4 per demand
for an individual control rod failing to
insert. Since publication of the draft
report, additional BWR control rod fail-
ure data were analyzed-and again yielded
10-4 per demand. Referring to the ' data
in Tables I1I 4-5 and III 5-3 in
Appendix III, it should be noted that
Table III 4-5 lists control rod failures
of all types. The analysis of interest
here 1is that of a particular failure
mode: failure to insert on demand. of
the six BWR control rod failures listed
in Table III 4-5, only two were failure
to insert on demand. ‘

An estimate based on Acerc's approximate
rod failure rate of 3 x 10-3 per demand
and his values of six demands per year,
145 rods per reactor (average), and 20
reactors would yield approximately 52

rod failures each vyear. This 1is not
substantiated by operating history even
including slow insertion rods. 1973
1

data show only approximately 10 rod
failures of all types. Of these, only
two can be considered to satisfy the
failure to insert criterion.

COMMENT 5.1.4

Another area that appears to be somewhat
questionable 1in the WASH-1400 analysis
of RPS failure occurs in section 5.1 of
Appendix II, volume 3. In determining
the probability of three adjacent con-
trol rods failing to insert on scram
demand, consideration is given to common
mode failures and a value of 1 x 1079
was subsequently used to compute the RPS
failure probability. The discussion in
WASH-1400 seems to imply that the common
mode contribution is 0.01 times the sin-
gle component failure rate. Thus, the
actual value to be used, based on this
discussion, would appear to be 1 x 107°,
rather than some combination (in this
case, log-normal median) with the
uncoupled failure rate. Assuming a
value of 1 x 10°6 for three adjacent
rods failing to insert, the calculated
total BWR risks are raised by a factor
of 30 and the average risks correspond-
ingly.

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)

RESPONSE

The study treated the 10~6 value as an

upper bound for three or more rod fail-
ures and treated the independent proba-
bility of 10712 as a lower bound. The
10-6 value was obtained from the

-analyses described in Appendix III in

which approximately 10% of all failures
could be considered as approximating
common mode behavior. Since all types
of components were considered in obtain-
ing this 10% value and since many of the
common modes did not cause failure but
only minor degradations, this 107% value
was treated as very conservative and,
hence, as being an upper bound,

The coupling treatment discussed in Ap-
pendix II, volumes 2 and 3, must also be
recognized as being only part of the
total dependency analysis that was per-
formed on the RPS. In the actual evalu-
ation, Monte Carlo simulation was per-
formed using the +tight coupling and
independent values as bounds to obtain

Master's thesis by M. Acero (University of California at Berkely) concluded by fault

tree analysis that the probability of a control rod failing to insert on a scram

demand is approximately 3 x 1073,




Failure of HPCl.or RCIC _3
to provide makeup water 1.8 x 10
{T/M = test and maintenance)
or
{ 1
‘HP.CI. and RCIC fail - RCIC out for T/M and HPCI out for T/M and
individually ~HPCI fails RCIC fails
1.4 x 1074 9x 1074 8 x 1074
1 1 | 1 1 |
HI?CI RCIC RCIC out HPCI - HPCI out RCIC
fails fails for T/M fails for T/M fails’
1.3 x 1072 1.1 x 1072 6 x 1072 1.3x 1072 7.5 x 1072 1.1 x 1072

Figure XI 5-1 Corrected Fault Tree for Event U.
Test and Maintenance)

(T/M =

the estimated probability distribution
and median value for the rod failure de-
pendencies and the RPS total unavaila-
bility (as described in section 3.6.2 of
Appendix II, volume 1). Furthermore,
the failure rate coupling procedure was

also used to incorporate dependencies
into the rod drop failure rates (as
described in section 4 of Appendix IV).

The final RPS unavailability was used in
event tree quantification and incorpo-
rated the Monte Carlo simulation of the
tight coupling and independent bounds
and the failure rate coupling dependen-=
cies as stated in section 4 of Appendix
Iv.

COMMENT 5.2

For the BWR plant, event U is defined as
the availability of the HPCI or RCIC
systems for makeup inventory. In de-
termining. the failure probability for
HPCI and RCIC to provide makeup water,
draft WASH-1400 computed the unavaila-
bility factors for HPCI and RCIC on the
basis
for maintenance at the same time. This
situation is not normally allowed by the
technical specifications. The correc-

1

HPCI and RCIC

and the reactor core isolation cooling system.

they could both be out of service

tion of this problem should reduce the
failure probability of both HPCI and
RCIC by about a factor of 6.

(AEC Regulatory Staff)
RESPONSE

The quantification of event U for the
BWR transient event tree was indeed con-
servative for the reason stated in the
comment. The analysis below indicates
that the likelihood of . this event was
overestimated by a factor of 4, and sec-.
tion 4.3.2 of Appendix V was modified
accordingly. It should be noted, how-
ever, that the overall results of the
study were not affected because ‘the
sequences involving event U were not
dominant contributors to the overall
release probabilities.

Ihe corrected fault tree from Appendix V
is shown in Fig. XI 5-1 (the indicated
probabilities are per demand).

This changes the probability of event U
by a factor of approximately 4 (i.e.,
the old value was 8 x 103 and the re-
vised value is 2 x 10~3),

are the acronyms for the BWR high-pressure coolant injection system

See Appendices I and II for further

details of the description and functioning of these systems.
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~omitted

COMMENT 5.3

In Table 2 of Attachment 1 to Appendix
V, certain sequences are shown with
"containment rupture-vessel steam explo-

sion" failure mode probabilities of
zero, which are nevertheless estimated
as 0.01 in Table V 3~4 of Appendix V.

Since similar tables are not included
for the S1 and S22 initiating events, the

relationship between the wvarious con-
tainment failure mode probabilities
shown in Tables V 3-5 and V 3-6 of Ap-

pendix V cannot be determined (e.g., the
relationship between S,C-§ and Szc—a).

(U.S. Environmental Protection
Agency)

RESPONSE

The containment failure mode probabili-
ties for the large LOCA were used in the
draft version of WASH-1400 to assess the
small-LOCA (S; and Sp)} and transient
initiated event sequences. Appendix V
of this final version of WASH-1400 in-
cludes estimates of the containment
failure mode probabilities applicable to
those dominant core melt sequences for
the small-LOCA and transient events.

The S»C-o sequence was inadvertently
from Table V-16 in draft WASH-
1400. Table V 3-16 has been corrected
(new Table V 3-14), and the relationship
between S53C-a and S2C-6 can now. be seen.
The inclusion of S2C-a provided an im-
portant contribution to the category 1
release probabilities for the small-LOCA
event; however, it resulted in no sig-
nificant change in the overall probabil-
ity results.

54 CHECK VALVE RUPTURE

Comments were received on the assess-
ments presented in Appendices I and V
for the rupture of the check valve that
separates the low-pressure injection
system (LPIS) from the PWR reactor
coolant system, The specific comments
that follow reflect . some diversity of
views on the LPIS check valve assess=
ments presented in WASH-1400. The
reader would find it helpful toi.refer. to
Appendix I, section 4.1.6, and Appendix
V, section 4.4, where further detail on
event V, the check valve accident, - is
presented. : B A

COMMENT 5.4.1

The probability of the low-pressure in-
jection system check valve failure ' has

~amount of time that has elapsed.

been overestimated by one to two orders
of magnitude.

(AEC Regulatory Staff;
Westinghouse Electric Corp.)

RESPONSE

For the check valve accident, one valve
failing open and the second rupturing,
the study computes the probability to be
about 2 x 10~6 per reactor-year, and
Westinghouse computes the probability to
be about 2 x 10-8 per reactor-year.

The discrepancy between these calcula-
tions arises from two causes. One order
of magnitude comes from the difference
in rupture probability (1 x 10-8 per
hour for the study versus 1 x 10-9 per
hour for Westinghouse). The study's
data analyses showed that a median value
of 10-8 was suitable and agreed with
available data sources, as indicated in
Appendix III. Since Westinghouse has
presented no data to support its value
of 10-9, the study is unable to discuss
the reasons for the differences. (It
should be noted that the error spread on
the probability estimated by the study
is about a factor of 10 and hence covers
the Westinghouse value.)

The second part of the discrepancy comes
from Westinghouse's wuse of 10-5 per
demand for the check valve failing open.
The Westinghouse model thus assumes that
the check valve failure is independent
of time. Since the check valve is never
tested for its seating integrity, the
study's model treats the check valve as
having a time-dependent failure proba-
bility of 3 x 10-7 per hour. After 1
year of plant operation, the probability
of the valve failing and not being
detected is then 3 x 10-7 per hour x
8800 hours. per year = 3 x 103 (the
exact formula is 1 - exp(-3 x 1077 x
8800)). After 2 years, the probability
of failure is approximately 6 x 10~3;
after 3 years, 9 x 10-3; and so on. The
Westinghouse model, on the other hand,
always gives 1 x 10~5, regardless of the
This
difference in treatment accounts for the
second ~ order of magnitude difference
between "the study's  result and the
Westinghouse result.

One final point about  the differences in
treatment is worth mentioning. If the
valves are tested monthly, then the
study's model would give 6 x:10-8, which
is comparable to the Westinghouse result
of 2 x 10-8 without testing. The model
proposed by Westinghouse would not yield
any improvement from testing since the
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valve failure probability of 10-5 is
independent of time and hence independ~
ent of testing. The view of the study
is that the WASH-1400 model 1is more
realistic and representative of the
actual situation.

COMMENT 5.4.2

The piping arrangements may .not be
typical of PWRs because ~there 1is no

safety valve on the PWR considered by
the study in order to relieve pressure
from the high-pressure injection system
on the low-pressure injection system
piping; thus a dominant PWR accident may
be ‘1limited to as few as 10 reactors.

(Edison Electric Institute)

RESPONSE

Relief valve provisions did in fact
exist in the specific PWR LPIS design
considered by the study. These are

accept check valve leakage
potential high pressure
should the LPIS check valves leak when
the interconnecting HPIS is operated.
Since event V (a check valve rupture
with accompanying dynamic loadings on
the LPIS) caused a situation beyond the
design intent and capability of the LPIS
relief provisions, the simplified sche-
matic in section 4.1.6 of Appendix I did

provided to
and relieve

not reflect such provisions and the
relief valves were given no credit for
system protection 1in this situation.

The design arrangements of valves that
lead to the possibility of event V
occurring at the PWR studied by the
Reactor Safety Study was found to be an
important contributor to risk, as indi-
cated by Table V 3-14 of Appendix V.

While it is possible that this particu-
" lar design arrangement 1s present at
only a few PWRs, similar design arrange-
ments, such as the use of in-series
motor-operated valves that function as
interfacing barriers between high-
pressure and low-pressure systems, may
exist in other PWR designs. All PWR
designs were not covered by the study,
however, and, in this sense, the extrap-
olation of a specific design arrange-
ment to a number of future PWRs where
such design arrangements may not apply
might be somewhat conservative, as indi-
cated in sections 1.9.7 and 7.4.1 of the
Main Report.

COMMENT 5.4.3

There was a possibility that the low-
pressure injection system piping might
withstand without failure the considera-
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ble overpressure produced in the check
valve accident sequence; even if it were
to fail, there is a chance that the
high-pressure injection system and accu-
mulators could provide the cooling nec-
essary to prevent core melting.

(AEC Regulatory Staff)
RESPONSE

The LPIS piping could undoubtedly with-
stand considerable overpressures if they
were gradually applied by check ‘valve
leakage. As stated above, the relief
valve provisions provided in the LPIS
piping design do envision the possibil-
ity of gradual leakage. The LPIS design
did not anticipate those dynamic load-
ings that would result from event V, nor
did the piping code used for the LPIS
piping design require that any particu-
lar dynamic analysis be performed.
Given the sudden rupture of one of the
check valves and the accompanying dynam-
ic loads, it was the Jjudgment of the
study that the LPIS failure probability
would be near unity. Because the recir-
culation of coolant to the core depends
on the LPIS pumps taking coolant from
inside containment and delivering it
back to the core, LPIS failure would re-
sult in eventual core melt. The emer-
gency core ‘cooling subsystems were ex-
tensively discussed in Appendix I, and,
as stated in section 4.1.6 of Appendix
I, the operation of the HPIS and accumu-
lators could serve to delay core melt’
but not preclude it.

COMMENT 5.4.4

The discussions in Appendix V seemed to
ignore common mode failure of the low-
pressure injection system check valves
that might be caused by, for example,
foreign bodies that entered in the com-
mon flow and kept both valves from
seating.

(Amory Lovins)

RESPONSE

This comment evidently failed to recog-
nize that event V, in fact, involves a
very important common mode failure . that
had an important impact on the study's
results. Section 4.1.6 of Appendix I
makes it clear that the general type of.
potential common mode failure postulated
in this comment was considered in the
study and all except the LPIS check
valve rupture event leading to an uncon-
trolled LOCA were dismissed for the rea-
sons stated in section 4.1.6 of Appendix
I (i.e., "failure of the barriers would




not ‘involve loss of vital safeguards and
the loss of normal coolant could be ac-
commodated within the design of the in-
terfacing system through safety and
relief provisions, and the coolant loss
could be controlled or contained without
a core melt occurring”). Should the
LPIS check valves experience a more
gradual type of leakage from the RCS, as
perceived in the comment, the relief
valves provided in the LPIS would pre-
vent excessive LPIS 1loads. Continued
operation of the reactor with leakages
in excess of 10 gpm is not permitted by
terms of the operating license. How-
ever, leakages of this magnitude (or
somewhat higher by the study's estimate)
can be handled by discharge through the
LPIS relief provisions without excessive
overpressure loadings being encountered.
Thus a LOCA due to such leakage would
not be expected to occur.

COMMENT 5.5

The derivation of the containment
failure pressure utilized in the study
and the sensitivity of the overall
results to the particular value of the
failure pressure have been gquestioned.

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.;

Amory Lovins)

RESPONSE

The nominal failure pressure of 100 + 15
psia (approximately 1.7 times the design
pressure) for the PWR containment struc-
ture was derived on the basis of the
design criteria utilized and the expect-
ed behavior of the structure at loadings
in excess of design levels. While con-
siderably above the design pressure, the
nominal failure pressure derived is

lower than the idealized ultimate -

‘strength of the structure in gquestion.
The particular containment considered,
as well as reactor containments in gen-
eral, has been strength-tested and leak-
tested at internal pressures somewhat
above the design level, .Satisfactory
performance during such testing indi-
cates that the design objectives for the
structure have indeed been achieved and
lends credence to the expectation that
the probability of failure ‘at 'or near
design loadings, is very small. As
applied in this  study, the failure
pressure is not represented by a single
diserete value, bkut as 'a continuous
variable with a normal distribution
about the nominal valuwe. This approach
recognizes that the probability of
structural failure is small at loads

slightly above design, but increases
with increasing loading.

The probability of failure at the
nominal failure pressure is taken as 0.5
and approaches unity as the loading
approaches the ultimate strength of the
structure. The recommendation in the
comment above for a minimum failure
pressure of 67.5 psia is roughly equiva-
lent to the 20 lower bound of 70 psia
used in the study. In the determination
of the containment failure mode proba-
bilities, the potential for containment
overpressure failure, in those accident
sequences where it is appropriate, has
been evaluated for the highest contain-
ment pressure expected during the par-
ticular accident sequence. Thus the re-
sults of the study include consideration
of containment failure at less than the
nominal failure pressure. Appendix E to
Appendix VIII has been rewritten to
better clarify the approach taken and
the rationale behind the nominal failure
pressure selected.

In a number of the accident sequences
considered, the containment pressure
could potentially rise to levels well
above the strength of the containment
structure. In such cases, the probabil-
ity of failure 1is independent of the
value of failure pressure utilized,
though the timing of the failure would
be determined by the latter. In other
sequences, the maximum containment pres-
sure that can be attained is 1limited
because only a limited supply of waterx
is available for contact with the molten
fuel and vaporization to steam. Here
the potential for overpressure failure
does depend on the failure pressure
utilized. The assessment of containment
failure probabilities for loadings below
the nominal failure level takes this
possibility into account.

COMMENT 5.6

Describe the methods used to develop the
probabilities tabulated in Appendix V
from the information  presented in
Appendix VIII,

(U.S. Environmental Protection
Agency~Intermountain
Technologies, Inc.)

RESPONSE

In order to illustrate the methods used
to obtain the probabilities of each of
the modes of containment failure, the
PWR sequence AB, loss of electric power,
will be described. The probability of a
steam explosion resulting in containment




failure, ABa is P, = P; = 10~2, as dis-
cussed in section 2.3.2 of Appendix
VIII.

The probability of containment isolation
failure, ABR, was determined from fault

tree analyses to be P, = 2 X 1073

= 2 x 1073,
The = pressure-time history for this
sequence is shown in Fig. VIII  2-7 of

Appendix VIII. If hydrogen combustion
occurs, the maximum pressure will be 100
psia. The predicted failure pressure is
100 psia, with a standard deviation of
15 psi. Since the maximum pressure is
equal to the median failure pressure,
the probability of failure is 0.5. As
discussed in section 2.3.4
VIII, the probability of hydrogen com-
bustion is 0.25. Thus the probability
of hydrogen combustion leading to con-
tainment failure, ABYy, is P3 0.125.

P

0.12.

If hydrogen burning does not occur, the
peak pressure is 75 psia. This pressure
is. 1.67
median failure' pressure of 100 psia.
The probability of containment overpres-—
surization, ABS,Py, can be determined
from tables of normal distributions to
be 0.048:

Py(l - P3) (1 - P) (1 - P3)

.0.041.

If the other failure modes do not occur,
then containment meltthrough, ABe, will
be the failure mode:

(1 - Pg) (1 - P3)(1 - Py)(1l - P1)

0.82..

These probabilities are tabulated in

Table V 2-2 of Appendix V.
COMMENT 5.7

With regard ..to the BWR transients
(section 4.3.2 of Appendix I and Table V
3-17 of Appendix V), it is not clear
which transients were slow enough so

of Appendix

standard deviations below the -

. Co.,
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that

credit for reserve shutdown can be
taken. : :
(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)
RESPONSE

All - transients listed wunder "Likely
Initiating Events" in Table I 4-12 of
Appendix I can be acceptably handled by
the design of the reserve shutdown sys-
tems. This is due to the fact that, on
a realistic basis, the time rate of
effectiveness of liquid poison ‘injection
can be considerably slower if texmina-
tion of power at a rate consistent with
preventing fuel melting is considered
rather than preventing heat transfer
limits (such as those associated with
the prevention of the localized depar-
ture from nucleate boiling or limiting
the reactor coolant system +to modest
overpressures) from being exceeded.
These latter ' very conservative limits
are customarily used in the licensing
process. However, exceeding these lim-
its by small amounts does not imply that
an accident has occurred or that a
radiological consequence to the public
will result.

COMMENT 5.8

BWR transient accidents are described
and analyzed in section 4.3.2 of Appen-
dix I. The accidents appear to be prop-
erly considered except for 'the assump-
tions made regarding the likelihood of
the initiating event, which seems to be
conservative by about a factor of 3.

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)

RESPONSE

The comment indicates that about 10
transient events occur per reactor-year,
but points out that only two or three of
these transient events would qualify as
anticipated transient without  scram
(ATWS) type events in that they would be
more rapid events requiring an immediate
core shutdown to prevent core damage.
Based on this and ITI interpretations of
statements made by the General Electric
EPA concludes ' that a "realistic
estimate of the frequency of anticipated
transients would be about three per
reactor-year rather than the value of 10
(with an error band of 2) used in WASH-
1400. '




The study does not agree that a factor and 4.3.2.4 of Appendix I, it is not

of 3 conservatism is evident in its use proper to limit the study of transient
of 10 transient events per reactor-year. events to those few rapid transients
The comment seems to be concerned with that yielded initial peaks in fuel
only those more rapid transient events enthalpy or reactor coolant system pres-
(e.g., MSIV closure, turbine stop valve sure. Rather, it is necessary to con-
closures) that could yield the highest sider both the initial peaks and the
predicted fuel enthalpies and RCS pres- long-term effects that could appear if
sure levels in the absence of RPS opera- the core were not to become eventually
tion (i.e., control rod trip). The subcritical or if the core shutdown
study necessarily had to consider all cooling systems were to fail. Reactor
transient events that imposed a demand experience clearly indicates that a
for RPS operation and for the shutdown frequency of about 10 transient events
cooling systems. As noted by the defi- per reactor-year requiring shutdown must

nitions presented in sections 4.3.1.4 be considered.




Section 6

Radioactive Releases from Accident Sequences

Several comments that were received
questioned the magnitudes computed for
the various radioactive release cate-
gories in Appendix V. Each of these
comments is discussed in this .section.

As a result of these comments and as a
part of its preparation of the final
report, the study reexamined this area
and performed additional computations to
better determine the potential radio-
active releases for the small-LOCA and

transient accident seqguences. This
effort generally confirmed the study's
earlier assessments except for = the

transient sequences in the BWR that
involved potential failures of decay
heat removal systems. The reexamination
of BWR release category 2 resulted in an
increase in the estimated release
fractions of the isotopes that are the
most significant countributors to poten-
tial accident effects. Halogens were
increased by a factor of approximately
1.5 and alkali metals by 1.7. These
changes and others of lesser
significance in BWR release category 2
are shown in Table XI 6-1. Reexamina-
tion of the other BWR release categories
also led to some adjustment to their
values. .These changes have been
incorporated into section 1 of Appendix
V, and into the input to the conseguence

model described in Appendix VI. A
comparison of the significant differ-
ences in the magnitudes of the various
release categories in the draft and
final reports is presented in Table XI
6-1.

COMMENT 6.1

What is the effect of using the conse-
quences of large-LOCA sequences to
represent the consequences of transient
and small-LOCA accidents?

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)

RESPONSE

During the preparation of draft
WASH-1400, the radioactive releases
associated with accident sequences from
the large-LOCA event tree were used as a
reference basis for establishing
releases from sequences associated with
the small-LOCA and transient event
trees. This was done on the basis of an
engineering judgment that the large-LOCA
analyses would adequately represent

TABLE XI 6~1 COMPARISON OF THE BWR RELEASE FRACTIONS ESTIMATED IN THE DRAFT AND FINAL REPORTS

Fraction of Core Inventory Released,

Release . :
Category  I-Br CS-Rb

Te Ba-Sr Ru La

Draft Final Draft Final praft Final Draft

Final Draft Final Draft Final Draft Fina

1

2 2 0.6 0.9 0.3 - 0.5 0.1
3 0.08.) -~ 57 0.05 0.2
(34 3 2 0.10 0.1
4 0.10 0.07 . .0.07
o -4 ‘ L. =3
5 4 0.05 8x10 0.02  -5x10 0.05
B 6410712 ex107M 4x107 4x107° sxi0”

6 5

14

0.3 0.04 0.10 0.07 0.03 2x1073  ax10”
’ -3
0.03 0.06 3x10 -
0.3 _3( ©-01 _3{ 0-02 4x10
9x10 6x10 9x10-
ax10™3  2x1073  ex107? T 3xi0™d ex107t - -
8x10 1? ex1071% ex10714 - - - -

3

3

(a) Reexamination of the release magnitudes for the various. sequences in categories 3 and 4 indicated that they

should merge into one, row termed category 3.

(b) The changes in the release fractions in this category are not of great significance and are due to a reduc-
tion in efficiency in assigned radiocactivity removal in the standby gas treatment system.




small-LOCA and transient seguences
despite some timing differences for the
physical processes. After the publica-
tion of the draft report, additional
calculations were made for the PWR and
BWR transient and small-LOCA sequences
that dominated the probability of the
larger release categories (1 through 4).
The results of these additional calcula-
tions are incorporated into Appendix V
and its Attachment 1. These additional
calculations revealed that some changes
were needed to more adequately represent
the sequences from the other event
trees.

Although no changes were necessary in
PWR releases, some change did occur in
the case of BWR transients involving
loss of decay heat removal and contain-
ment failure by overpressure prior to
core melt. These sequences resulted in
the suppression pool temperature being
elevated to the saturation temperature,
thus leading to a diminished capability
of the suppression pool to retain
halogens and volatiles piped to the pool
through the reactor vessel relief
valves. Taken together with the lack of
drywell deposition, the overall effect
was to increase the magnitude of radio-
active releases to the atmosphere. The
most significant change, in BWR release
category 2, involved increases in the
potential releases of halogens and
alkali metals by 50 and 70%, respective-
ly. The potential releases of alkaline
earths and tellurium also increased in
factors of 2.5 and 3, respectively.
These changes were incorporated into the
final report.

COMMENT 6.2

The strontium releases used for core
meltdown accidents appear to be too low
because (1) data from some experiments
with small specimens show that maximum
releases of more than 50% could occur;
(2) they are based on gradual, rather
than uniform, core melting; and (3) they
are less than the 50% value used in
WASH-740.

(Richard E. Webb)
RESPONSE

The first point apparently refers to
data discussed in Appendix D to Appendix

1

2

WASH-740 (p. 23) identifies the strontium release val
guess" for meltdown and combustion of metallic fuel.

VII of draft WASH-1400. It is true that
some individual experiments have pro-
duced strontium releases of more than
50%. However, many factors must be
considered in interpreting such results.
Releases vary with external atmosphere,
type and size of specimen, type of
heating, duration of. high temperature,
and 'gas flow conditions. In addition,
scatter in experimental data is commonly
found in experimental work of this type.
The experimental data must be examined
in toto rather than by considering only
isolated points, and the experimental
conditions should be correlated with the
expected accident conditions. On this
basis, the high strontium release values
obtained in  some experiments -are of
questionable applicability and should be
given a low weight in evaluating the

trend of the body of the data.

Regarding the second point, complete
core meltdown is assumed in WASH-1400 in
specifying the strontium as well as
other isotopic releases. An important
factor in determining the amount of
radiocactivity released from the fuel as
it melts (as well as at later times), is
its surface-to-volume ratio. Thus, if
the fuel pellets were to drop into a
pool of molten fuel before melting, the
releases would be much smaller than
those resulting from pellets melting in-
dividually before dropping. As the
WASH-1400 calculations of radioactive
releases are based on data from
experiments on small samples, this is
the equivalent of assuming that melting
occurs on an almost pellet-by-pellet
basis. Actually, since it 1is expected
that much of the release of radio-
activity would be governed by situations
in which a much smaller surface-to-

. volume ratio is expected, the  predicted

releases are likely conservative, as
pointed out in section 7.4.1 of the Main
Report.

With regard to the third point, it was
estimated in Appendix VII that stron-
tium . releases for core meltdown
accidents could range from 2.2 up to
25%.1 The best-estimate value used to
perform realistic consegquence calcula-
tions was 1l1l%. Comparison against the
WASH-740 value is not valid because the
latter was not based on applicable data
or on the type of analyses performed in
Appendix VII,2

These values include the contribution from the vaporization release component.

ve used as a "conservative - ‘
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COMMENT 6.3

The decontamination factor of 1000 used
in CORRAL-PWR calculations (Appendix V
in the section entitled "Results of
CORRAL~PWR Calculations") for soil
leakage of radiocactive materials other
than noble gases and organic iodine
should be justified.

(American Physical Society
Study Group on

Reactor Safety;

Amory Lovins)

RESPONSE

A justification for the selection of
this particular soil decontamination
factor is given in section 3.3.3 of
Appendix VII. In addition to the
thoughts presented in Appendix VII, it
is noted that the extent of radionuclide
trapping by the soil would probably vary
among reactor sites due to differences
in subsurface soil conditions. Calcula-
tions show that, even if the soil
decontamination factor varied by as much
as an order of magnitude (either up or
down), the calculated total release of
radiocactivity to the atmosphere would
change by less than a factor of 2. In
other words, the amount of radiocactivity
that could potentially escape through
the ground after containment meltthrough
is smaller than the amount that would
escape from above-ground leakage from
containment to the atmosphere prior to
meltthrough even if the soil decontami-
nation factor were as low as 100.

COMMENT 6.4
It would be wuseful to examine the

sensitivity of CORRAL results to the
degree of mixing of compartment con-—

tents, in order to establish the
conservatism of the "well-mixed"
assumption.

(Atomic Industrial Forum)
RESPONSE

The "well-mixed" assumption used in
CORRAL is considered to be more
realistic than conservative in terms of
defining the actual conditions that
could occur during a core meltdown
accident. In fact, because of the
physical phenomena occurring, it is more

1

R. C. Schmitt, G. E. Bingham, and J. A. Norberg,

difficult to believe that significant
mixing will not occur rather than that
it will. 1In cases where the containment
sprays operate, experimental workl has
showed that mixing within and between
compartments is enhanced. In accident
sequences where containment sprays do
not operate, the presence of the concen-
trated heat source in the core and the
generation of appreciable quantities of
gases also promote circulation. One
also has to consider that the "well-
mixed" assumption has both positive and
negative effects on accident consequence
predictions (i.e., it 1is not clearly
conservative or nonconservative). For
example, if poorer mixing occurred,
concentrations would vary between com-
partments. Since the total removal
factor for certain mechanisms is concen-
tration dependent, variations in the
total amount of radiocactivity available
for release would result, Such poten-—
tial effects are covered by the
smoothing technique described in section
3.1.2.1 of this appendix and section
4.1.2 of Appendix V.

COMMENT 6.5

In Table 5.1 of the Main Report, it was
noted that it was not evident how the
differences in noble gas releases of
100% for the BWR and 20-90% for the PWR
are derived.

(General Electric Co.)
RESPONSE

As noted, BWR release categories 1
through 3 have 100% of the noble gases
released from containment, whereas PWR
release categories 1 through 5 involve
somewhat smaller releases. As indicated
in Tables 4 and 11 of Attachment 1 to
Appendix V, core melt in both PWRs and
BWRs leads to the release of essentially
100% of the noble gases from the fuel to
the containment. However, since the
containment volume is significantly
larger in the PWR, the puff release of
containment atmosphere, given contain-
ment failure, would result in the
release of only a portion of the con-
tainment atmosphere before a quasi-
equilibrium is established., The magni-
tude of this puff is governed by the
conditions within containment (pressure
and temperature) at the time of contain-
ment failure. Leakage thereafter is

Simulated Design Basis Accident

Tests of the Carolinas-Virginia Tube Reactor Containment - Final Report, IN-1403,

Idaho Nuclear Corp., December 1970.




relatively low and 1is associated with
the generation of gases by decay heat.

COMMENT 6.6

The core inventory release fractions
employed in RSS were understated by as
much as a factor of 2.... Among the
considerations involved were problems
regarding the conversion of technetium
and ruthenium from the molten core to
possible volatile oxides by bubble-
through of carbon dioxide from concrete
decomposition. RSS acknowledges uncer-
tainties in Appendix VII in the guestion
of expected volatilization of dozens of
radioactive compounds.

(Union of Concerned

Scientists)
RESPONSE
This comment addresses the release of
radioactivity from the <core to the
containment atmosphere in potential

accident sequences in which the core has
melted through the bottom of the reactor
vessel and is interacting with the
concrete floor of the containment build-
ing. As discussed in Appendix VII,
release from the fuel consists of four
major components: gap release; meltdown
release; vaporization release caused by
internal convection and sparging by the
gaseous products of concrete decomposi-
tion; and, where appropriate, oxidation
release following a steam explosion.
"The accident sequences under discussion

1

steam

involve

here do not
explosions.

potential

Table VII 2~1 of Appendix VII indicates
that the sum of the gap, meltdown, and
vaporization release components is 8% of
the core inventory for the noble metal
group (Ru, Mo, Pd, Rh, and Tc¢). This
sum 1s composed principally of a
meltdown release of 3% and a vaporiza-
tion release fraction of 5%. As is also
indicated in Appendix VII, some
uncertainty exists about the amount of
noble metals that could be released
since, if ‘they were to combine with
oxygen, they could be released in larger
quantities than would be the case 1if
oxygen were not present. The noble
metals are expected to exist in metallic
form mixed into the iron phase of the

molten systems and as such would be
released in relatively small amounts
(<1%). Although sparging by carbon
dioxide would create an oxidizing
environment within the melt, the noble
metals are not expected to oxidize
substantially since the oxygen will
combine preferentially with the iron in
the mix. To account for the possibility

of some localized oxidation of the noble
metals by carbon dioxide sparging, a 5%
vaporization release was used, rather
than the value of 1less than 1% that
would be appropriate if no allowance for
oxidation were made. Thus a factor of 5
has already been included in the
estimated value of noble metal release
to account for potential uncertainties
due to their oxidation.

The carbon dioxide would be created by the decomposition of the 1limestone in the

concrete floor by the interaction with the molten fuel.
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Comments pertaining to emergency cooling
functionability (ECF) for the large-LOCA
event tree were received from three
sources. The principal concern ex-
pressed was with the basis for the
choice of its failure probability, with
the comments ranging from criticism of
the study for using a failure rate too
low to criticism for using a value too
high. Some also suggested that the
emergency core cooling system (ECCS) had
no chance of success and that the study
should have employed a failure probabil-
ity of 1.

The question of the success or failure
of ECCS -- as a matter of functionabili~
ty, as opposed to operability -- does
not readily lend itself to analysis by
the methods used in WASH-1400. Thus,
the study decided to examine what 1level

XI 7-1

Section 7

Emergency Cooling Functionability

of failure probability would cause ECF

to contribute to potential accident
risks. As noted in Appendix V, section
4.2, sensitivity studies reveal _that
".,.. even if values as high as 10~1 for
ECF failure ' (probability) were to be
used, any contribution made would be
within the accuracy of the overall
calculations.,"

Thus, although there appears to be no
current basis for making a rigorous
quantitative assessment of the probabil-
ity of ECF failure, the analysis
referenced showed that even if ECF
failure probability were as high as
10-1, it would not change the results of

the study significantly. It is the view
of the study that the probability that
ECCs will fail to cool the core
adequately is less than 10-1,

. lU.S. Environmental Protection Agency; Westinghouse Electric Corp.; Amory Lovins.




Section 8

Reactor Vessel Rupture

COMMENTS

Five sourcesl made comments on this
subject ranging from statements that the
probability value used for reactor ves-
sel rupture (10-7+1 per vessel-year) was
too high to statements that it was too
low. Some comments also stated that
contradictory evidence was ignored.

RESPONSE

The following sections of draft WASH-
1400 discussed the possibility and
treatment of potential reactor vessel
rupture in considerable detail:

5.3.2.4 and

a. Main Report, sections

5.3.4.2
b. Appendix I, sections 4.1.4 and 4.2.4

c. Appendix V, section 4.5

A review of these sections and the com-
ments received indicates no reason for
changing the substance of the sections
as written in the draft report. How-
ever, these discussions would have been
more complete if section 4.5 of Appendix
V had noted the publication of the U.S.
Atomic Energy Commission Regulatory
Staff Report, WASH-1318, Technical
Report on Analysis of Pressure vessel
Statistics from Fossil-Fueled Power
Plant Service and Assessment of Reactor
Vessel Reliability 1n Nuclear Power
Plant Service, 1n May 1974. The
principal conclusions of that report,
based on the analysis of 725,000 vessel-
years of service in U.S. fossil-fueled
power. plants, are generally consistent
with the analyses performed by the study
and the Advisory Committee on Reactor
Safeguards (ACRS). The. principal con-
clusions of WASH-1318 are that the upper
limit (99% confidence) probability of a
disruptive failure ‘event 1in any one
nuclear reactor vessel during any ser-
vice year falls within the range of
10=7 "to 1076, and the actual value of
this probability would be expected to be
even smaller., '

1
Lovins; Richard E. Webb.

AEC Regulatory Staff; Atomic Industrial Forum; Union of Concerned Scientists;

More comprehensive studies by the USNRC
Staff, which are currently under way,
indicate that the failure probability
may potentially be reduced by an addi-
tional factor of 10 or 100. This con-
clusion is based on a detailed investi-
gation of the influence and scheduling
of the periodic inspections that reactor

vessels are expected to receive during
their service lifetime.
Concern about the adequacy of reactor

pressure vessels has been expressed by
such distinguished people as Sir Alan
Cottrell and F. R. Farmer of the United
Kingdom and Monroe Wechsler of the
United States. The study and the ACRS
considered all available failure rate
data, including the extensive body of
data developed by British and German
sources. Although there is some opinion
in the United Kingdom that the probabil-
ity of catastrophic failure of the re-
actor pressure vessel should be about
10-5 per reactor-year, the study does
not believe that this wvalue is very
realistic. As noted in section 5.3.2.4
of the Main Report, even if the proba-
bility of vessel rupture were as high as
10-5 per reactor-year, it would then
just begin to contribute appreciably to
the overall risk and would not change
the results of the study.

For the convenience of the reader, the
pertinent sections of WASH-1400 refer-
enced earlier are summarized here.
Sections 4.1.4 and 4.2.4 of Appendix I,
which consider the various kinds of
vessel ruptures that could occur in PWRs
and BWRs, respectively, categorized rup-
tures according to size and location,
Certain of these breaks are equivalent
to pipe breaks, and emergency core cool-
ing systems would be able to cool the
core successfully. Since the probabili-
ty of vessel breaks is far smaller than
that of pipe ruptures and the conse-
quences of accidents that might proceed
in this general way would be no larger
than those associated with pipe breaks,
these - types of breaks would not repre-
sent a ' significant  contribution to
overall risk. Potentially large rup-
tures in the vessel, a subgroup of all

Amory




possible vessel ruptures, could prevent:

effective cooling of the core by the
emergency core cooling systems. Depend-
ing.on the details of the event, as
described in the study, core melt vessel
failures could occur in an intact or
nonintact containment and, for the BWR,
in an_oxidizing or nonoxidizing environ-
ment,

Thus, these types of vessel failures can
cause a fairly broad range of conse-
quences. Nevertheless, the contribution
to overall risk was shown to be essen-
tially negligible when the probabilities
of such failures were taken into
account.

As indicated in section 4.5 of Appendix
Vv, the principal basis for assigning
numerical values to the probability of

large ruptures in pressure vessels was.

the statistical analysis of the exten-
sive failure data base by the ACRS.
The ACRS reached the following
conclusion:

"There is reasonable assurance that: (1)
the disruptive failure probability of
non-nuclear vessels 'in central station
service by modes pertinent to reactor
vessels is less than 1 x . 107> per
vessel-year, (2) the disruptive failure
probability of reactor vessels designed,
constructed, and operated to Sections
III and XI of the Code is less than

1 x 10-6 per vessel-year, and, (3) the
disruptive failure probability of such
reactor vessels, beyond the capability
of engineered safety features is even
lower."

The study's analysis and review. of
British and German pressure vessel fail-
ure data generally agreed with these
results, and a value of 10-7 was used as
the median estimate of failure probabil-
ity for reactor-vessel ruptures large
enough to be beyond the capability of
emergency core cooling systems. A prob-
ability range of a factor of 10 was
associated with this value, which gave
an upper bound of 10-6, coinciding with
the ACRS value for any such ruptures.

In summary, the study has presented
evidence from recent published reports
based on extensive reviews of all
published data_to support the use of the
value of 10-7 per vessel-year for the
failure probability of reactor pressure
vessels. The study has also considered
the opinion of authorities who appear to
hold different views, but it has seen no
other firm data to support the selection
of a different value for reactor vessel
failure probability. To reemphasize a
point made earlier, it is estimated that
the failure probability would have to be
100 times larger than estimated in order
to begin to be an appreciable contribu-
tor to the predicted risk.

lBWR containment buildings are generally filled with an inert (nitrogen) atmosphere.
Depending on the particular accident sequence involved, fuel melting can occur in
the inert atmosphere or, if the containment fails in a certain way, in an air
(oxidizing) atmosphere. The oxidizing properties of the containment atmosphere can
thus affect the selective release magnitudes of various radioactive isotopes, such

as ruthenium.

2
Water Cooled Reactors, January 1974.

Advisory Committee on Reactor Safeguards,

Integrity of Reactor Vessels for Light




COMMENT

‘Comments received from two sources per-
tained to potentially large nuclear ex-
cursions. The subjects addressed were
the lack of detailed discussion of the
phenomenology of very fast transients
(excursions); the desire for further
information supporting the evaluation of
the probabilities assigned to "worst-
case" transients (i.e., the BWR control
rod ejection and the PWR cold-water
accidents); and the completeness of the
arguments with respect to the magnitude
of consequences associated with such
accidents and thus to their overall
contribution to risk.

(AEC Regulatory Staff;
Richard E. Webb)

RESPONSE

It is apparent that the import of the
discussion contained in Appendix I, sec-
tion 4.3, apparently did not communicate
adequately to those who made the above
comments. The discussion that follows
is an attempt to clarify that section of
Appendix I.

In particular, Figs. I 4-12 and I 4-13
for the PWR and BWR, respectively,
classify transient events by frequency
of occurrence and then provide a rough
(but correct) differentiation of the
probability of core melt due to the var-
ious potential transient events. These
results show very clearly that the like-
lihood of core melt events is dominated
by anticipated transients and that lower
likelihood events, such as the potential
rod ejection accident in BWRs and the
cold-water accident in PWRs, do not con-
tribute significantly to this probabili-
ty. This 1is indicated in Tables I 4-9
and I 4-12  in Appendix I. Nevertheless,
to ‘clarify the matter even further,
analyses—of-both these potential acci-
dents, including their probability of
occurrence and their potential conse-
quences, are presented below.

BWR ROD EJECTION ACCIDENT

A failure of one of  the control rod
drive housings that are  welded to the
bottom of the pressure vessel 1is a
prerequisite to having the potential for
control rod ejection. This postulated

Section 9

Large Nuclear Excursions

Control Rapid Reactor Housing Reactor Control

Rod Drive Shutdown Support Power Rod

Housing  (RPS) Structure  Level Worth  Sequence Rasult
A B [ O E

A Small LOCA

AC Small LOCA
ACD Small LOCA

Possible core
ACDE melt

AB Core meit

Figure XI 9-1. Event Tree

failure, under almost all conditions,
results in a small LOCA and is analyzed
by the small-LOCA (Sj) event tree (see
Appendix I, section 4.2.,2). In order
for the failure of a control rod drive
housing to lead to fuel damage, a con-
trol rod with a reactivity worth greater
than 1.5% Ak/k must be ejected from the
core. This requires that (1) the reac-
tor be critical but at less than 20%
power, (2) the control rod drive housing
support structure fail (allowing the
control rod to eject), and (3) the
ejected control rod be one of the rods
having a reactivity worth large enough
to cause localized melting.

A simplified event tree, in which ACDE
is the sequence of interest for the BWR
rod ejection accident, is shown in Fig.
XI 9-1.

For the events in Fig. XI 9-1 the fol-
lowing failure . probabilities have been
generally conservatively estimated:

Failure
Event Probability
A - Control rod ~1074 per
drive housing reactor~year
B - Répid reactor ~4 x 10_6_4
shutdown (RPS) to 5 x 10
per demand
C - Housing sup- ~1073 to 1072
port struc-
ture
D - Reactor ~2 x 10_3_2
power level to 2 x 10
E - Control rod <0.1

worth




'The
determined as follows:

above failure probabilities were

Event A. Control Rod Drive Housing

The control rod drive housing forms part
of the pressure vessel and has the same
manufacturing and inspection
ments as the balance of the pressure
vessel. As discussed in section 4.5 of
Appendix V, the pressure vessel disrup-
tive failure probability is 1less than
10-6 per reactor-year.

Another method to establish the failure
rate of the control rod drive housings
would be to analyze these housings as
dead-ended pipe stubs extending from the
bottom of the pressure vessel. The
median probability of all LOCA-interfac-
ing ruptures in this size range (2 to 6
inches) is estimated to be approximately
3 x 10-4 per reactor-year (see section
6.4 of Appendix III). The total "dead-
ended piping" making up the control rod

drive housing is less than one-third of
the total LOCA~sensitive piping. There-
fore, the probability of the housing

failure would be approximately 1/3 x 3 x
10-4, or about 10-4 per reactor-year.

Using the pipe failure data as a con-
servative estimate, the probability of a
control rod driving failure can be as-
signed a value of 10-4 per reactor-year.

Event B. Rapid Reactor Shutdown (RPS)

The failure probability is determined by
fault tree analysis in Appendix II,
volume III, section 6.2.

Event C. Housing Support Structure

The failure of "the housing support
structure could be a structural failure
when loaded or a failure of not being
reinstalled after being removed for
maintenance- on the control rod drive
system. Since the support structure is
designed with large structural safety
margins, it is considered highly unlike-
ly that it would fail and allow rod
ejection to occur. However, the struc-
ture is periodically removed for reactor
maintenance purposes; it is thus possi-
ble for a portion of the structure not
to be replaced properly after mainte-

1

require-.

When 50% of the control rods have been withdrawn, the core is still

has just attained criticality at zero power.

2

The potential

of the housing support structure is such that it

for dependencies between these events has been examined.

control rod housing would cause it to fail.
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nance. The failure probability of the
structure would thus be dominated by the
maintenance contribution. From the hu-
man performance data presented in sec-
tion 6.1 of Appendix III, this failure
is estimated to be approximately 10-3 to
10-2 per event.

Event D. Reactor Power Level 20%

There are approximately 13 events per
year that involve operation of the reac-

tor in the range from critical to 20%
power. Assuming a median value of 4
hours in this power range per event, it

is estimated that the plant will be in
this power range approximately 52 hours
per year. Therefore, the probability of
being in this lower power range (PcC) is
approximately 52 hr/8760 hr =~ 6 x 10-3
per event.

Event E. High Worth Rods

During startup, when approximately 50%
of the control rods have been withdrawn
from the core, analysis indicates that
approximately 10% of the inserted rods
have a reactivity worth equal to or
greater than 1.5% Ak/k.1l This repre-
sents the maximum number of high-worth
rods that could be present at any time
during startup. As power level is in-
creased to 20%, only those control rods
adjacent to the last in-sequence rod
withdrawn from the core have the poten-
tial for reactivity worths in excess of
1.5% Ak/k. Thus, only four of the total
of 185 rods can be involved at any one
time during the ascent to 20% power.

For this analysis it is conservatively
assumed that 10% of the rods are high-
worth rods for the power range of con-
cern (i.e., from critical to 20% of
normal full power). Therefore, the
probability (Pp) of the ejected rod
being a high-worth rod is assumed to be
approximately 10-1,

Using the upper bounds of the values
indicated above, it is found that acci-
dent sequence ACDE yields a value of
approximately 2 x 10-9 per reactor-
year.2 Even if these podstulated core
melt events are quantified by using
conservatively high failure rates, their
probability is negligibly small compared

subcritical or

The'design'
is unlikely that failure of a




- category 1),

to that of other transient events iden-
tified in the Reactor Safety Study.

In regard to the potential consequences
of such an event, the reactivity tran-
sient resulting from the rod ejection
accident postulated above will lead to
the rapid melting of about a 2-foot
section of the four fuel assemblies
adjacent to the ejected rod (0.09% of
the core). The energy generated in the
transient is relatively small (much less
than the <core decay energy integrated
over 1 minute). Thus, the transient
would not significantly affect the radi-
oactivity inventory of the core. While
it is conceivable that the molten fuel
might be dispersed and rapidly transmit
its stored energy to the coolant, it is
considered highly unlikely that such
dispersal of relatively small amounts of
fuel into the coolant would cause damage
to the reactor vessel or the reactor
coolant system., Some distortion of fuel
assemblies might occur, however, which
potentially could interfere with the
ability of the engineered safety fea-
tures to adequately cool the core after
the transient. Even 1if one were to
consider such a situation as an upper
bound, a rod ejection accident could
clearly do no more than rupture the
coolant system and the containment in a
manner similar to the steam explosion
(a) containment failure mode. This
could 1lead to radioactivity releases
similar to those in BWR release category
1. However, because of its 1low proba-
bility (approximately three orders of
magnitude lower than that of BWR release
the rod ejection accident
would not contribute to the overall
risk.

PWR COLD-WATER ADDITION ACCIDENTS

As indicated in Fig. ‘I 4-11, Table I

4-9, and the associated discussions in
section 4.3 of Appendix I, cold-water
addition accidents were considered in
the development of +the PWR transient
event tree. As indicated on Fig. 1
4-10, this type of transient is classi-

fied under general wunanticipated tran-
sients; that is, transients whose fre-
quency of occurrence would be expected
to be about 10~5 per reactor-year. The
following discussion develops this de-
scription in greater detail.

The PWR analyzed is equipped with main
reactor coolant system loop isolation
valves. With these valves closed, an
isolated loop will cool down well below
the normal operating temperature. If
the valves were then to be opened with
the pump in this loop running, a gquanti-
ty of cold water could be added to the
core, causing a reactivity transient
because of the increased density of the
cold water relative to reactor coolant
at operating temperature. To prevent
inadvertent operation of these valves
during power operation, administrative
procedures require that the wunit be
brought to zero load and the temperature
of the isolated loop be brought to
within 10 F of the temperature of the
active loops prior to opening the 1loop
isolation valves. Furthermore, the re-
actor protection grade interlocks that
are provided prevent the isolation
valves from being opened unless (1) the
temperature in the isolated 1loop 1is
within 20 F of the corresponding temper-
ature in the other loops and (2) a
minimum flow of at 1least 400 gpm has
been maintained in the closed loop via a
bypass line for at 1least 1 hour to
permit the temperature in the closed
loop to be raised to that of the operat-
ing loops by pump heating. Thus, a
cold-water addition accident at the
plant analyzed requires multiple fail-
ures of independent interlocks (having a
failure rate of about 10-3*l) plus an
operating error by the reactor operator.
Because such an error would have to
involve a direct violation of operating
procedures, it 1is reasonable to assign
this a value of 10-3%l, Thus the proba-
bility that both the interlock will fail
and the operator will make the error is
{10-3*+1)2, The estimated upper and low-
er bounds on’ the probability of both
failures occurring at the same time are
3 x 10-5 and 4 x 10-8, respectively,
with a log-normal median valuel of IO‘z.

lThe log-normal median and error bounds are determined as follows:

2,,2
- 10'(5i\’1 +17)

= 10-6+1.4,

p = 1073 x 1073%1

Thus, the median value is 106, the upper bound is 10-4.6 =~ 3 x 10-5, and the lower

bound is 10-7.4 = 4 x 10-8,




been performed to deter-

Analyses have
mine the consequences
addition accident.

at the worst time in the
(end-of-life conditions) and with the
core at zero power, the peak reactor
power reached would be approximately 65%
of rated power. The addition of cold
water under these conditions would pro-
duce the greatest reactivity insertion
rate. The core is not expected to ex-

of a cold-water

fuel cycle

They indicate that, -
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perience a departure from nucleate boil-

ing, and no fuel damage or radioactivity
release is anticipated.

Thus, a cold-water addition accident has
a small probability of occurrence and
would not lead to fuel damage even if it
occurred at the worst time in the core
life. Therefore, the PWR cold-water ad-
dition accident was determined to be a
negligible contributor to risk.




Section 10

Behavior of Radionuclides in Soil and Water

COMMENT 10.1

Comments were received regarding the
analysis of the potential for contamina-
tion of water bodies by the migration of
radioactivity through the soil under the
influence of groundwater.

(U.S. Department of the
Interior

Nuclear Energy Liability
Property Insurance Association)

RESPONSE

The analyses presented in draft Appendix
VII have been modified to include con-
sideration of groundwater contamination
by the release of spray water to the
soil-water system, release of airborne
activity to the groundwater system dur-
ing containment vessel depressurization
after containment vessel meltthrough,
and groundwater leaching of the core
mass after containment meltthrough (see
section 3.3.4 of Appendix VII). It was
found that the first two cases could be
combined into a single depressurization
release case. Examination of the re-
sults presented in Appendix VII indi-
cates that for the depressurization
case, the concentrations of ruthenium-
106, strontium-90, and cesium-137 in the
groundwater will be above the maximum
permissible concentrations (MPC) given
in 10CFR20 at the time the groundwater
enters the water body. For the leaching
case, only strontium-90 will be above
MPC.

As also noted in Appendix VII, it should
be emphasized that the hydraulic model
parameters, the radionuclide distribu-
tion coefficients, and the radionuclide
leaching rate used in the analyses were
rate of appearance of the radionuclide
sources at the groundwater outlet to the
water body. For example, since the soil
permeability coefficient used in . the
calculations is indicative of well-
sorted sands with gravel and of fissured
limestone formations, the -distribution
coefficients are probably low by factors
of 10 or 100. The leaching expression
assumes a relatively highly soluble
glass containing fissures that increase
the effective surface area by a factor
of 100 or more. In addition, calcula-

tions of the human radiation dose re-
sulting from use of the receiving water
body would have to include the dilution
effect that would occur in the water
body beyond the efflux point for the
contaminated groundwater. At the time
of the peak discharge rate, the
strontium-90 in the efflux would exceed
the maximum permissible concentration by
a factor of about 23. I1f, for example,
the receiving water body is a relatively
small river with a flow rate of 13,000
cfs, the peak strontium-90 concentration
in the river for the depressurization
release case will be 100,000 times lower
than that in the groundwater and will be
well below the maximum permissible con-
centration. Potential peak concentra-
tions of this type would not occur until
approximately 6 years after the melt-
through accident, and mitigating actions
could be taken to prevent the migration
of radionuclides to the water resource,
as discussed below. Similarly, if the
receiving water body 1is a large lake
with a volume of 15 x 106 acre-feet and
uniform mixing is assumed, the concen-
tration of strontium-90 in the lake will
be approximately 50% of the maximum per-
missible concentration for strontium-90
in water, assuming no removal processes
in the lake and no flushing of the 1lake
by additional fresh water. Thus, at
many sites the groundwater contamination
problem is expected to be very much less
severe than indicated in Appendix VII.

Another important factor to consider in
evaluating the above results is the time
required for the movement of radionu-
clides through a groundwater system.
Several months and in many cases years

-should elapse before contamination would

appear in water bodies wused for the
support of a significant population
group. This delay  would allow ample
time for instituting monitoring opera-
tions and for setting up an effective
warning network. More importantly, the
time would . most 1likely be wused to
execute procedures for controlling or
even eliminating the spread of contami-
nation beyond the reactor site. This
would involve drilling wells for moni-
toring and pumping purposes to control
the local groundwater flow gradient.
The withdrawn water could be stored
temporarily in surface tanks or in
sealed holding ponds for subsequent
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treatment. After the movement of the
radionuclides is under control, it would
seem feasible, if it were considered
necessary, to form a vaultlike barrier
around the radioactive zone wusing a
combination of excavation, drilling, and
concrete injection operations.

Even without the above engineered miti- ~

gating = actions, the basic conclusion of
the analysis would not be changed. Spe-
cifically, the analysis has shown that
hydrologic contamination occurs on a

much longer time scale than does atmos- -

pheric contamination for a core melt-
through accident. Therefore, warning
actions alone should be sufficient +to
limit population radiation doses from
hydrologic sources to low levels in
comparison with the doses received from
atmospheric sources.

COMMENT 10.2

The porosity of the ground was omitted
in the computation of the volumetric
rate of fluid delivery for the hydrau-
lics model. Proper inclusion would
raise calculated groundwater effluent
concentrations by a factor of 5.

(U.S. Department of the
Interior)

RESPONSE

The volumetric rate of fluid delivery
was calculated from the equation ’

F = kAG,

F = volumetric flow rate (ft3/day)

k = soil permeability coefficient
(ft3/day-ft2 at unit gradient)

A = cross-sectional area of soil
channel (ft2) :

G = groundwater slope or gradient
(ft/ft).

The standard definition of k takes into
account soil porosity.
coefficient times the gradient must thus
be multiplied by the actual soil cross
section, not the pore cross section.
Therefore, - the calculated  volumetric
flow rate and the effluent concentra-
tions are «correct as given in Appendix
VII,

COMMENT 10.3

Equation VII 3-10 in Appendix VII is not

applicable because it pertains to a

solid soil region, which in reality
would be a cylindrical hole left by the
molten core.

(U.S. Department of the
Interior) :

RESPONSE

The equation in gquestion 1is entirely
valid because it specifically applies to
the period of initial containment melt-
through and for perhaps a few hours
beyond. Analyses' do not support the
contention that during this period the
melt will create a cavity in the
underlying soil.
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COMMENT 11.1

It has been suggested that the conse-
guences of partial core melting could be
more severe than those of complete melt-

ing. Specifically, a reviewer suggests
that "the greater surface area, for
example, could cause more extensive

steam explosions.™
(The National Intervenors)
RESPONSE

It 1is expected that, all other things
being equal, the consequences of partial
core melting will be less severe than
those associated with complete melting.
Although the total surface area of the
separate fuel rods in their initial
array 1is greater than that of a large
molten mass, it is smaller than the
surface areas attainable on the disper-
sion of the molten mass 1into small
particles. In order to contribute to
steam explosions, fuel or structural ma-
terials must be in the molten or vapor-
ized state; heat cannot be transferred
sufficiently rapidly from bulk materials
to water to contribute to damaging steam
explosions. Thus, for a given molten
particle size distribution, the energy
transferred in a steam explosion will
vary directly with the amount of materi-
al melted. The analysis discussed in
Appendix VIII is based on the assumption
the 80% of the core mass is dispersed as
small particles.

COMMENT 11.2

The applicability to both PWRs and BWRs
of a single set of results illustrating
the effect of decay time on the core
meltdown sequences discussed in Appendix
VIII has been questioned.-

(General Electric Co.)
RESPONSE

The specific power differences between a
PWR and a BWR would lead to differences
in adiabatic core heatup rates. How-
ever, the results illustrated in the
particular figure in gquestion include
the effects of metal-water reactions and
the boiloff of water in the core. The
quantities of cladding as well as water
in the core are different for the two

Section 11
Core Melt Analysis

types of reactors. Taking into account
these effects, together with uncertain-
ties in the analyses, it was found that
a single set of curves could indeed
represent the results for both PWRs and
BWRs. '

COMMENT 11.3

The question has been raised "as to
whether vessel failure can occur by
fracture due to thermal stress occurring
when the molten core contacts the lower
vessel head."

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)

RESPONSE

Conceptually extremely high thermal
stresses can be produced on contact
between the vessel head and the molten
core. Such high thermal stresses would
be localized near the surface and would
be accommodated by plastic flow of the
material affected. At the temperature
levels of interest here (i.e., at or
above normal operating levels) the pres-
sure vessel materials would exhibit
ductile behavior, and fracture as a
result of localized thermal stresses
would not be expected.

COMMENT 11.4

It appears that the radioactive source
term is based on 3200 Mw(t) in all
cases, but a power level of 2441 MW(t)
is assumed for PWR meltdown calcula-
tions. This anomaly should be re-
solved.

(The Detroit Edison Co.)
RESPONSE
Radioactive source term calculations are
based on an assumed power level of 3200

MW(t) for both PWRs and BWRs. However,
as noted in chapter 1, section 19, of

" the Main Report, two plants were used as

the basis for the study. The PWR plant
considered, the largest PWR about to
start commercial operation with devel-
oped operating procedures, has a maximum
thermal power level of 2441 MW. Since
the meltdown calculations performed in
Appendix VIII require details of core




geometry, the PWR plant under study was
analyzed. It should be noted, however,
that the absolute power 1level of the
core 1is not the controlling factor in
core meltdown. Rather, power density is
important. The peak and average linear
heat generation rates and power densi-
ties are comparable for cores operating
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at the two power levels, and hence the
choice of a 2441-MW(t) core for thermal
analyses will not introduce any signifi-
cant error. Thus, basing the timing of
meltdown processes on a thermal analysis
for a power level of 2441 MW(t) is not
inconsistent with the use of a radioac-
tive inventory based on 3200 MW(t).




COMMENT 12.1

A number of questions and comments were
received regarding the analysis of steam
explosions. Specific points that have
been raised include (1) the potential
for steam explosions at times other than
those considered in the study (e.q.,
delayed entry of PWR accumulator water
during small LOCAs and transients); (2)
the significance of water subcooling;
(3) the lack of experimental verifica-
tion of the analytical models; and (4)
the conservatism of the predicted
results.

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.;

Amory Lovins)

RESPONSE

As acknowledged in WASH-1400, the evalu-
ation of the potential for, and conse-
gquences of, steam explosions that may be
associated with reactor meltdown acci=-
dents involves considerable uncertainty.
There are no directly applicable experi-
mental data that can be used to guide
the analyses. On the one hand, no vio-
lent interactions have been observed in
small-scale experiments with uranium
dioxide and water. On the other hand,
there have been a substantial number of
industrial incidents in which contact
between molten materials and water has
led to explosive interactions; a number
of these 1incidents are summarized in
Appendix- B to Appendix VIII. In the
face of limited experimental data, the
quantitative evaluation of the probabil-
ity of steam explosions and their poten-
tial effects has required considerable
use of engineering judgment. Several of
the points that have been gquestioned are
discussed below.

It is recognized that the potential for
interaction between molten core materi-
als and water exists during much of the
course of a meltdown accident. At two
key points 1in the accident sequence
(i.e., at the time the molten core falls
to the bottom of the reactor vessel and
at the time. of reactor vessel melt-
through) there is the possibility that
large quantities of molten material will
rapidly come into contact with water.
These are the instances in which the
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Steam Explosions

potential for damaging steam explosions
is believed to be the greatest and are
the cases explicitly considered in the
study's analyses. As noted in sections
2.2.1.3 and 2.2.1.4 of Appendix I and in
sections 2.2.7 and 2.2.8 of Appendix
VIII, steam explosions that might occur
in the PWR reactor vessel cavity region
after reactor vessel meltthrough were
considered but were determined to have
no important impact on the containment
rupture probabilities. This conclusion
would hold regardless of whether or not
the steam explosion occurred as a result
of molten materials dropping into resid-
ual water in the cavity or by a delayed
discharge of accumulator water on the
molten mass in the cavity region. When
water 1is introduced at the top of the
melt or when the molten core comes into
contact with moist soil or groundwater,
the potential for the coherent interac-
tion of a large quantity of molten mate-
rial with water is much smaller since
the water cannot readily penetrate into
or displace the high-temperature melt.
If a significant interaction were to
occur on containment meltthrough, the
effect on overall consequences would be
small since such an interaction would
have no additional effect on containment
integrity.

A number of experimental programs (cited
in Appendix B to Appendix VIII) on the
interaction of molten materials (partic-
ularly metals) with water, have shown
that the potential for violent interac-
tion decreases as the subcooling of the
water decreases. This observation has
been taken into account in the study's
analyses by assigning a higher probabil-
ity for the occurrence of explosive
interactions in the presence of sub-
cooled water than in the presence of
steam-saturated water. Furthermore, the
occurrence of steam explosions with
steam-saturated water has not been pre~-
cluded. The damage potential was taken
to be independent of the temperature of
the water.

COMMENT 12.2

The dismissal of ‘the potential for a
large energy release from a steam explo-
sion occurring when the molten core
comes into contact with the water-laden
gravel beneath the containment floor




seems to be contradicted by the Armco
incident described in Appendix VIII.

(U.S. Environmental Protection
Agency-Intermountain
Technologies, Inc.)

RESPONSE

The analyses discussed in Appendix C to
Appendix VIII indicated that a large
fraction of the stored energy of the
molten c¢ore had to be transferred

rapidly to the generation of steam in

order to develop the mechanical energy
required to threaten containment. Such

a transfer of energy requires the coher-
ent interaction of a significant quan-
tity of hot molten material with water,
These conditions were at least partially
met in the Armco incident, where a large
quantity of molten steel was dropped
from a height of 40 feet onto damp
ground. This apparently resulted in a
series of small "explosions," and not a
coherent. interaction. In the event of a
core melt accident, the contact between
the molten core and the moisture in the
gravel would not be rapid, as is indi-
cated in section 2.2.6 of Appendix VIII,
and thus a coherent large-scale interac-
tion would not be expected.’
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COMMENT 13.1

The available experimental data on
flammability and detonation limits in
air-hydrogen-steam mixtures are limited
and accordingly the conclusions regard-
ing the potential of containment failure
due to these mechanisms are guestioned.

{(Amory Lovins)
RESPONSE

The scarcity of directly applicable data
on flammability and detonation limits on
air-hydrogen-steam mixtures was recog-
nized and acknowledged by the study (see
Appendix D to Appendix VIII). The con-
tainment failure mode probabilities that
have been derived are based on both the
probability of the occurrence of these
phenomena and their effects should these
phenomena take place. The probabilities
of hydrogen burning or detonation were
based on the 1limited data available
together with consideration of the
containment conditions that would exist
during each accident sequence; these are
subject to considerable uncertainty. As
noted in Appendix D to Appendix - VIII,
the flammability 1limits wused probably
represent the minimum compositions for
flame propagation. Furthermore, since
the results of the study are not sensi-
tive to detonation-limit predictions,
the uncertainties associated with the
flammability and detonation limits used
in the study do not have a particularly
significant effect. The effects on con-
tainment integrity of hydrogen burning
or detonation, should either occur, are
more readily calculable; ' these effects

will vary with +the different accident .

sequences.
COMMENT 13.2

The ,conclﬁsion in section 2.2.1 of

Appendix I that noncondensable gases’

cannot overpressurize ~PWR coritainment
seems inconsistent with BMI-1910.1

(Amory Lovins)

1

Section 13
Hydrogen Combustion

RESPONSE

There is no inconsistency between BMI-
1910 and WASH-1400 in regard to the
effects of noncondensable gases on con-
tainment failure. BMI-1910 presented
upper limits for the possible effect of
noncondensable gases while clearly stat-
ing (page 25) that "it should not be
presumed from Figure 12 that reactions
to this extent are possible within the
containment,” 'Moreover, the upper limit
results in BMI-1910 are compared with
the design pressure of the containment.
Since the analysis in WASH-1400 is per-
formed on a realistic basis, the pres-
sure at which the containment would be
expected to fail is of interest and the
design pressure is not. <Clearly, there
is a substantial difference between the
design pressure and the failure pressure
of a reactor containment building.

For the case considered in WASH-1400,
the partial pressure of the hydrogen
(due to the complete reaction of the
Zircaloy cladding, the lower core sup-
port structure, and the reactor vessel
bottom head) 1is about 18 psi. The
contribution from the carbon dioxide
generated by concrete decomposition is
about 12 psi; that of the air initially
present in the containment 1is 9 psi.
Thus, at the time of containment melt-
through, the maximum partial pressure of
noncondensable gases would be about 39
psi. Since the containment design pres-
sure is 45 psig (60 psia), it seems that
this pressure should not cause it to
fail.

COMMENT 13.3
The assﬁmption of uniform mixing of the
hydrogen with the containment atmosphere
is qguestioned.

(Amory Lovins)
RESPONSE
In order to present a threat to contain-

ment ‘integrity by rapid burning,
hydrogen must react with the oxygen in

D. L. Morrison et al., An Evaluation of the Applicability of Existing Data to the

Analytical Description of a Nuclear Reactor Accident - Core Meltdown Evaluation,

BMI-1910, Battelle Memorial Institute.




the d¢ontainment. The complete reaction
of the hydrogen generated would require
a substantial fraction of the available
oxygen in the containment and thus would
require good dispersal of the hydrogen
to yield high-energy releases. Unless
the hydrogen is dispersed throughout the
containment, such a complete reaction
would not be possible. Partial reaction
of the available hydrogen either by
burning or explosion, as might be
expected for nonuniform hydrogen distri-
butions, would result in lower contain-
ment pressures than those associated
with uniform mixing.

COMMENT 13.4

Comments have been received regarding
the possibility of hydrogen generation
by the interaction of molten structural
materials with water and the possible
impact on the potential for containment
‘failure of the burning or detonation of
this hydrogen.

(Louis Baker; Amory Lovins)

RESPONSE

The PWR core meltdown analyses presented
in Appendix VIII indicated that the
equivalent of 75 + 25% of the Zircaloy
cladding could be expected to react with
water during the initial core meltdown
process if sufficient water were avail-
able. The potential for containment
failure due to hydrogen burning or
detonation, as presented in Attachment 1
to Appendix V, was evaluated on the
basis of hydrogen generation from the
reaction of 75% of the cladding unless
the reaction was limited by water
availability.

The reaction with water of the core
lower support structures and the reactor
vessel bottom head after reactor vessel
meltthrough would produce about five
times the hydrogen generated by the com-
plete reaction of the Zircaloy cladding.

Although large gquantities of hydrogen
can conceivably be generated from ‘the
reaction of molten structural materials
with water, the extent of hydrogen burn-
ing within the containment would be
limited by the gquantity of contained
oxygen. In the PWR containment consid-
ered 1in the study, there is enough
oxygen to react with the quantity of
hydrogen that would be generated by a
150% reaction of the cladding. 1If such
a quantity of hydrogen were to react
with oxygen by detonation or
deflagration, the containment pressure
would exceed its expected failure level.
This rapid consumption of all the oxygen

within containment presupposes the
dispersal of hydrogen throughout all
parts of the containment. If the extent
of reaction is less than that represent-
ed by the complete consumption of the
available oxygen, the maximum possible
pressure in the containment will not be
attained and the probability of
containment failure will be lower.

In considering the possible effect of
added hydrogen generation on containment
failure probabilities, it is convenient
to divide the accident sequences under
consideration into three categories:

a. Sequences in which containment
failure precedes core melting.

b. Sequences involving core melt 1in
combination with failure of the con-
tainment recirculation sprays or
containment heat removal systems,
followed by containment failure.

c. . Sequences .in which the containment
recirculation sprays and removal
systems operate throughout the
course of the accident.

Each of these categories will be
discussed in turn.

a. Containment Failure Precedes Core

Melting

The .generation of additional hydrogen
has little effect on these sequences.
Core melting and hydrogen generation
take place in a failed containment. The
burning of hydrogen in a failed contain-
ment could temporarily increase the
driving force for release, but this
would exert very little effect on the
conseguences.

b. Meltdown Precedes Containment Fail-
ure in Combination with Failure of Con-
tainment Recirculation Sprays or Con-
tainment Heat Removal Systems

Core meltdown combined with the failure
of the containment recirculation sprays
generally leads to a high probability of
containment failure due to overpressure.
Where appropriate, "~the effect of the
burning of hydrogen generated "~during
initial core melting has been included
in the evaluation of these sequences and
has been found to produce a noticeable
contribution to the probability, but a
small effect on the timing of contain-
ment failure. The additional hydrogen
from the steel-water reaction could
conceivably further. = increase the
potential for containment  failure.
However, -except for cases where the
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' vessel failure.

availability of water to the pressure
vessel is limited, the probability of
containment failure due to overpressure
is already quite high (0.4 to 1.0), and
the effect of additional hydrogen gener-
ation would not increase the probability
of overpressure failure by more than a
factor of about 2. Furthermore, the
generation rate of this additional hy-
drogen is uncertain, and in some cases
significant quantities of hydrogen may
not be available until after containment
failure.

There are also a few sequences 1in this
category 1in which the potential for
containment overpressure failure as pre-
sented 1in Attachment 1 to Appendix V is
limited by the availability of water to
the melt. If in these sequences the
available water reacts with steel to
generate hydrogen and the latter burns,
the potential for containment failure
could be increased. Because the con-
tainment atmosphere is at elevated
temperature and pressure 1in these se-
quences, however, the potential for the
ignition of the hydrogen-air-steam
mixture would be decreased and the
occurrence of complete combustion would
be unlikely. Thus, it is expected that
these effects should counter balance
and, within the accuracy of such calcu-
lations, no important change in either
the probability or release magnitude is
anticipated for these sequences.

In the PWR core melt sequences in which
the containment heat removal system
fails but the recirculation sprays are
operating, containment overpressure
failure and containment meltthrough are
predicted to take place at about the
same time. In these sequences, the
burning of the additional hydrogen could
reduce the time at which overpressure
failure might occur. Here again, how-
ever, the containment atmosphere at the
times of interest would be at elevated
temperature and pressure, thus reducing
the potential for the occurrence of
self-propagating hydrogen combustion.

c. Meltdown with Sprays and Containment
Heat Removal Operating

In the third category of accident se-
quences, the containment recirculation
sprays and heat removal systems operate
throughout the meltdown event and con-
tainment pressures are kept at low
levels. Under these assumptions, there
is no possibility of containment over-

pressurization, as analyzed 1in Attach-
ment 1 to Appendix V, and containment
meltthrough is the most 1likely failure
mode. If hydrogen were to burn as it is
generated, the released energy would be
absorbed by the sprays and would have no
effect on the failure modes analyzed.
However, when the additional hydrogen
from the steel-water reaction is con-
sidered and a delayed detonation or
deflagration is assumed to occur when a
stoichiometric hydrogen-air mixture is
attained, containment failure is indi-
cated. The probability of such a
reaction, requiring the consumption of
all the oxygen within the containment
and the rapid propagation of the flame
front to all parts of the containment
volume, is difficult to assess. Since
this reaction would require a quantity
of hydrogen egquivalent to that generated
by the reaction of 150% of the cladding
and the dispersal of this hydrogen
throughout the containment, it could
only take place at some time after core
meltdown (i.e., sufficient time would
have to be available for a significant
steel-water reaction).

For a significant reaction with water,
the steel must be at or near its melting
temperature. A large mass of molten
steel (together with the fuel and clad-
ding) would present only a limited
surface area for reaction with water
(steam). The reaction rate could be
further 1limited by the accumulation of
oxides at the molten surface and by the
evolution of hydrogen, both tending to
prevent the access of water to unreacted
metal. Thus, while a substantial reac-
tion between molten structural material
and water is possible, it would probably
require an appreciable period of time.

Most of the radiocactivity release from
the fuel takes place during the initial
core melting. With the containment
sprays operating, there would be rela-
tively 1little activity in the contain-
ment atmosphere at the time of contain-
ment failure due to hydrogen detonation.
Thus, while the maximum possible
detonation or deflagration of the hydro-
gen could lead to a containment failure
mode not previously considered for these
sequences, the potential consequences of
this failure mode would not differ
greatly from those previously evaluated.

The core release fractionsl associated
with overpressure failure due to the
detonation or deflagration of the addi-
tional hydrogen, assuming containment

1Release fractions represent integral release fractions at the time of containment




4.5 hours after a large LOCA
with ECR failure (1 hour after reactor
vessel meltthrough), are estimated to be
as follows:

failure

Noble gases: 0.86
Organic halides:
Halogens: 0.0026
Alkali metals: 0.009

Tellurium: 0.029 -2

Alkaline earths: 8.7 x 10

Noble metals: 0.0018 -4
Lanthanides and actinides: 3.4 x 10

0.003

Examination of Table V 2-1 of Appendix V
indicates that, for the isotopes that
dominate the consequence calculations
(see Appendix VI), these releases com-
pare well with those associated with PWR
release category 5.

As noted above, the rate of hydrogen
generation by the steel-water reaction

is difficult to assess with confidence.-

Equally difficult to assess is the prob-
ability that hydrogen will burn not on
generation but only on reaching a stoi-
chimetric mixture with oxygen.

Detailed analyses have not been per-
formed to assess the probability of
occurrence of the releases associated
with delayed hydrogen generation and
subsequent detonation or deflagration;
however, it is likely that their proba-
bility of occurrence is only a small
fraction of the probability of occur-
rence of the particular PWR release
category.
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Section 14

Data Base
COMMENT 14.1 Similarly, Table 1III 6-4 suggests that
the probability of misselecting the
Nine sources submitted comments on the valve switches and operating the wrong

study's evaluation of human actions.
These ranged from assertions that the
human failure rates estimated in Table
ITI 6-4 of Appendix III were too high to
assertions that it is not possible to
predict human errors.

RESPONSE

The assignment of failure rates to human
actions, though somewhat more subjective
than the assignment of failure rates to
hardware, is not without a measured data
base from which to start. The general
human error rate estimates presented in
Table III 6-4 of Appendix III were de-
rived from actual experience in nonnu-
clear activities as assessed by the
study's human reliability analysts. It
should be recognized that Table III 6-4
presents general, illustrative values.,
For application to a specific situation,
these must be modified by consideration
of the inputs available to an operator
(displays on control panels, audible
alarms, labels, equipment configuration,
the presence and quality of written
procedures, etc.), the stress level to
which an operator is exposed, and the
required operator response and feedback
available after the response. In addi-
tion, personnel redundancy must also be
considered. TFor example, approximately
30 minutes after the occurrence of a
large LOCA with the emergency core cool-
ing system operable, two valves in
parallel are opened to establish flow
from the containment sump to the suction
of the low-head safety injection pump.:
The basic error rate associated with
this act, as given in_Table III 6-4  of
Appendix. III, is 10-1, Considering the
presence -of at least three operators in
the control room at that time, the
probability that all operators will

independently neglect to open the valves -

at the time specified is estimated to be
10-3. . Furthermore, the availability of
visual indication of refueling water
storage tank level in the control room
can reduce the probabiiity of failing to
open the valves to 10 per action.

1

Industrial Forum; Babcock & Wilcox;
Corp.; Friends of the

Scientists; Amory Lovins.

Earth; The

or obtain

valves is 10-1, However, considering
the layout of the control board, the
extensive training given to operators in
this area, and the fact that the opera-
tion of valves most likely to be mis-
takenly operated is required in the next
step of the procedures, the probability
of human error in this specific instance
has been assessed to be 10-2,

As noted in Appendix III, the assessment
of human errors is somewhat subjective,
and data obtained from several nonnu-
clear activities have been used. Human

factor rates were assessed as realis-
tically as possible considering the
available information. Probability

ranges were incorporated to account for
variations in the assessment of human
error rates and in the extrapolation of
data to nuclear applications. Within
the accuracy required for risk calcula-
tions, the study believes the human
data, with its range, to be sufficient.
The study also believes, however, that
more effort in the future devoted to a

better understanding and modeling of
human reliability factors would be
useful.

COMMENT 14.2

Comments received from two sources were
directed to the possibility that oper-
ator action might mitigate the probabil-
ity or consequences of an accident.

(Edison Electric Institute;
Sargent & Lundy Engineers)

RESPONSE

Operator action to mitigate accident
probabilities or conseguences was con-
sidered as a viable option when written
procedures suggesting that such actions
be taken were available or when an
extended period of time was available
for an operator to analyze the situation
offsite assistance. Credit
for operator action was not given when
it appeared that such actions would have

U.S. Environmental Protection Agency; Electric Power Research ‘Institute; Atomic
Bechtel Power Corp.; Westinghouse Electric
National

Intervenors; Union of Concerned




to be taken in a short time period and
there was no evidence that the operator
had procedures or prior training in~
structing that such actions be taken.

COMMENT 14.3

Comments received from four sources
suggested that the human failure analy-
sis was invalid because quality assur-
ance errors were not included.

(U.S. Environmental Protection
Agency; :

Nuclear Energy Liability
Property Insurance
Association;

Iowa Student Public Interest
Research Group;

The National Intervenors)

RESPONSE

As indicated in section 3.1.4 of this
appendix, the data base used to deter-
mine equipment failure rates included
failures attributable to design, manu-
facture, installation, and maintenance
errors that were not detected by quality
assurance programs. Thus, gquality as-
surance errors are implicitly included
in the study's equipment failure data
base and the associated error spreads.

COMMENT 14.4

There 1is a question as to whether the
data base used in the study is repre-
sentative of what can be expected from
reactor plant components.

(Federal Energy Agency)

RESPONSE

The study attempted to make the best
assessments of failure data on the basis
of currently available information. As
stated in Appendix III, error spreads
were used to show the uncertainties and
variabilities associated with the esti-
mated failure rates. The failure rates
determined from the data base are
compared with existing data from nuclear
power plants in Table III 4-2 of
Appendix III. As indicated therein, the
available nuclear data fall within the
assessed range of equipment failure
rates. However, the study believes, as
indicated in section 7.4.2 of the Main
Report, that data should be collected
and analyzed for nuclear plants to
permit more precise predictions of
component and system behavior.

COMMENT 14.5

The statistical basig (FPC instability
data) for choosing 10-3 as the probabil-
ity of offsite power loss at the time of
a LOCA seems weak, in that the 1loss of
offsite power 1is more 1likely to be
caused by malfunctions other than
instability.

(AEC Regulatory Staff)
RESPONSE

It should be noted that the failure of
offsite power in conjunction with a LOCA
is of interest only in the relatively
short period of time after a LOCA oc-
curs., While it is true that there are
causes for the failure of offsite power
other than instability, they are quite
unlikely to occur in the LOCA time
window, However, there will surely be a
transient on the electrical grid supply
to the site at the +time of a LOCA.
Thus, instability data are the most
suitable basis for failure probability
calculations.

COMMENT 14.6

Anomalies in Table III 4-1, for example,
that Liguid Metal Engineering Center
failure rate data fall 3x outside the
assumed range for motors, 200 to 2000x
for pipes should be fully explained.

(Amory Lovins)

RESPONSE

As explained in Appendix III, the ranges
assigned to the data are not determin-
istic bounds and therefore do not
necessarily include all the source data.
Thus, all source data need not fall
within the assigned ranges. (It should
be noted that in the calculations, the
log-normal distributions themselves were
used, and not ' the ranges.) Also, as
explained in Appendix III, the ranges
and distributions were not derived from
simple empirical fits but involved some
subjective Jjudgments and decisions.,
Sensitivity studies were performed to
investigate possible additional varia-
tions in the components mentioned, and
few significant effects were obtained.

COMMENT 14.7

In section 4.2.2.2 of the Main Report it
is stated that even with large component
failure rate uncertainties, the system
failure probabilities were sufficiently
accurate to yield meaningful values for
risk evaluation. It would be helpful in
establishing the credibility of using
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large uncertainty limits if proof of
this were developed further. For exam-
ple, in Table 5.4 of the Main Report, an
upper bound for core melt probability is
2 x 10-4 per reactor-year. This appears
to be unrealistically high.

(Bechtel Power Corp.)

RESPONSE

The error spreads on the component
failure rate were propagated by standard
statistical techniques to obtain the
error spreads on the system and accident
sequence probabilities. As seen in the
report, these system and accident se-
guence error spreads were generally one
order of magnitude (or 1less) 1in size.
Because order-of-magnitude results were
acceptable for risk assessment, the size
of the system and accident sequence
error spreads formed the basis for the
statement that system failure probabili-
ties were sufficiently accurate for the
purposes of the study. Based on present
data, the study does not feel that the
bounds for core melt are conservative.

COMMENT 14.8

In our opinion, the probability of
failure (severance) of large nuclear
pipe should be reduced by an order of
magnitude, which yields an estimated
occurrence rate of about 10~> per
reactor-year. The probability of sever-
ance of a small pipe in nuclear service
should also be lower, although perhaps
not by a full order of magnitude.

As a further example of the conservatism
that appears to have been used in the
selection of failure rates for LOCA-
initiating events, it was assumed that
5% of all piping in a plant, or about
8500 feet of piping, is large-LOCA
sensitive; that is, it could lead to a
large ©LOCA, if ruptured. This assump-
tion is very conservative.

(AEC Regulatory Staff)
RESPONSE

The assessment of pipe failure data is
discussed in detail in section 6.4 of
appendix = III, Reported failures are
generally derived on a per plant basis.
Therefore, to obtain a LOCA-sensitive
piping failure rate, the failures per
plant~year from data must be multiplied
by the ratio of LOCA-sensitive piping to
the total piping for which piping
failures are reported rather than to the
total 1installed piping in the plant,

Appendix III has been clarified in this
regard.

COMMENT 14.9

Comments were received from four sources
relative to the treatment of the effect
of aging on the failure rates. The
thrust of these comments is that the

"effects of plant and component aging, or

at least the variation of failure rates
with time, should be explicitly recog-
nized and taken into account.

(Nuclear Energy Liability
Property Insurance Asso-
ciation; Scientists
Institute for Public
Information; The National
Intervenors; Amory
Lovins)

RESPONSE

As stated in the report, the study's
calculations (as described in Appendix
IT, volume 1) apply to steady-state
behavior and were not intended to in-
clude significant aging effects or life-
cycle trends. Aging is a separate ques-
tion that perhaps could be analyzed when
and if data are available and, more
importantly, if the need to do so
clearly existed. The study has also
stated that its results should not be
extrapolated beyond the first 100 plants
expected to be operating in the next 5
years and has suggested that a future
study like WASH~1400 be repeated 1in
about 5 years.

COMMENT 14.10

Several comments that were received
questioned the study's handling of com-
ponent data and its treatment of random
variables and confidence intervals. A
formal Bayesian treatment was suggested
as being a better approach.

(Engineering Decision
Analysis Co.;

General Electric Co.;
Edison Electric Institute;
Union of Concerned
Scientists;

Amory Lovins)

RESPONSE

The draft version of WASH-1400 was not
as precise as it could have been in
discussing the probabilistic approach
used in the study's quantifications.
Appendix II, volume 1, and Appendix III,
in particular, have been rewritten to
better clarify the rationale and method-
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ology that served as the ba51s for the
study's probabilistic approach

The failure rates, and component data in

general, were treated as being random
variables based on the variability ob-
served in the data sources and on. the
intended - application of the-calculated
.probabilities to a population of 100
plants. The failure rates were not
constrained to be in any given finite
interval and a log-normal distribution
was selected as adequately describing
the variability observed in the failure
rates cited by the various data sources
examined.

This observed variability was taken as
being representative of the variability
that would exist in the population of
100 plants. (As described in Appendix
II, volume 1, this representation was
not inconsistent with available nuclear
data.z) The calculations, however, must

be interpreted as being conditional on
the employed data distributions.

The confidence bounds used in the study
are probability ranges, with associated
percentiles, which served to summarize
the probability distribution of the sys-
tem characteristics (e.g., system un-
availabilities). Because of the random-
variable data treatment, the system
characteristics were treated as being
not formal probabilities but estimators
(random variables). The simulation
approach, wusing 1200 trials, was of
sufficient precision for the order~of-
magnitude results calculated. A formal
Bayesian approach was not used, because
raw failure data (e.g., times of fail-
ure) were not employed, but instead re-
ported failure rates were used as input
information. As described in Appendix
II, volume 1, however, the study's
results can be interpreted in a general
Bayesian framework, where the data dis-
tributions are interpreted as the given
priors.

lFor further information on the use of the random-variable approach, see for example,
N. R. Mann, R. E., Schafer, and N. D. Singpurwalla, Methods for Statistical Analyses
of Reliability and Life Data, John Wiley and Sons, Inc., New.York, 1974,

2Because of the broadly scattered nature of the data, 1nclud1ng the nuclear data, the
formal hypothesis tests performed were somewhat questionable.
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Section 15

External Forces

COMMENT 15.1

The effects of near-site explosions as a
potential cause of reactor accidents are
not considered.

(U.S. Environmental Protection
Agency)

RESPONSE

Near-site explosions were considered but
not explicitly analyzed in the study
because a significant potential for
large explosions does not exist at most
reactor sites. This 1is discussed 1in
section 2.1.3.1 of this appendix and in
Addendum I to the Main Report.

Those reactors that are located in the
vicinity of industrial installations
having the potential for explosive acci-
dents or shipping routes routinely in-
volving the transport of large qguanti-
ties of hazardous material are subjected
to detailed investigation in this regard
during the licensing process of the
particular reactor to determine the po-
tential effect of an explosion on the
nuclear power generating facility. Such
reactors are provided with additional
protection, 1f required, to reduce the
probability of a significant accident
that might potentially result from an
offsite explosion to a negligible value.
As a final point it should be noted that
even if an explosion were to occur near
the site of a reactor not so protected,
the massive structures provided for
tornado - and seismic protection and for
radiation shielding give nuclear facili-
ties a considerable degree of explosion
protection.

COMMENT 15.2

Floods that exceed the Probable Maximum
Flood should be considered. Further,
the effect of floods on structures other
than the containment should be consid-
ered. In addition, the severe effects
of the flood on communications may make
a large evacuation unrealistic.

(U.S. Department of the
Interior)

RESPONSE

The probability of a flood equal to or
greater than a Probable Maximum Flood
(PMF) is discussed in section 5.4.3 of
the Main Report. As indicated therein,
analyses suggest that the probability of
such floods is low. Analyses performed
to date are somewhat limited, however,
and it is recognized that there may be a
somewhat higher ©possibility of 1large
floods in rivers other than that
analyzed. It is suggested that analyses
be performed in the future to develop a
more valid statistical model for the
overall effects of floods in risk as=-
sessment,

All critical features of the plant that
are required for safety are protected to
the PMF 1level. Thus, structures other
than the containment that house such
equipment are protected.

Evacuation after a severe flood might
indeed be difficult. However, 1if a
flood larger than the PMF were to occur,
most people originally located in the
flood plain would probably have been
evacuated before the flood. Those evac-
uated to higher elevations would be
centrally located in evacuation centers
and easily contacted if further evacua-
tion were warranted in the event of a
flood~induced reactor accident. It
should be recognized that the warning
time associated with a large flood would
generally permit the marshalling of
large civil defense and military efforts
to assist in flood evacuation which
would be available in the event of a
flood-induced reactor accident.

COMMENT 15.3

A number of comments were received indi-
cating seismic effects were inadequately
considered. These comments stated that
the estimate of the probability of large
earthquakes is in error, that the logic
used to determine the 1likelihood of
multiple~system failures after an earth-
quake is not obvious, that a number of
sites with differing geologic structures
and seismic activities should have been
considered, and that the AEC regulatory
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staff method of estimating earthquake
risks is questionable.

(AEC Regulatory Staff;
U.S. Department of the
Interior;

General Electric Co.,
Bechtel Power Corp.,
Division of Reactor
Research & Development;
Engineering Decision
Analysis Co.,

Union of Concerned
Scientists)

In regard to the probability of large
earthquakes, it should be noted that the
analysis in the draft report predicted
the probability of an earthquake that
would exceed the safe shutdown earth-
quake (SSE) (about 0.2 g) generally used
for reactors east of the Rocky Moun-
tains. The value predicted, 10-3%1, was
derived from analyses that were based on
data presented by Algermissenl and
Cornell and Mertz,2, who predicted the
probability cf occurrence of various-
size earthquakes in 100,000 square kilo-
meter areas and attenuation factors for
earthquake size as a function of
distance from the epicenter of the
quake.

The final report takes advantage of more
recently published information,3 which
integrates the work of a number of
people to predict the probability of
earthquakes of various sizes occurring
at any point in the eastern United
States. This work, as described in
section 5.4.1 of the Main Report, pre-
dicts the probability of a 0.2~g
earthquake to be 20 to 50 times higher
than the median value used in draft
WASH-1400. While these predicted values
are probably somewhat conservative, the
final report has been modified to wuse
them.

1

The logic used for predicting the proba-
bility of failure of systems given the
occurrence of an SSE was based on the
results of a check of the implementation
of seismic design requirements, as
described in section 2.1 of this
appendix and in Appendix X. Since about
10% of those items checked were thought
to have some deficiencies in seismic
design, a system failure probability of
10-1 given the SSE, was assigned to each
safety system.

A recent report by Newmark4 indicates
that large safety factors are incorpo-
rated into the seismic design of reactor
safety systems. These safety factors
would make the probability of failure of
a system about 0.15% in a reactor
subjected to an SSE. Furthermore, the
report indicates that substantial margin
to failure exists for earthquakes that
are significantly larger than the SSE.
The combination of these factors with
the earthquake frequency predictions by
Hseih discussed earlier led to an
overall predicted probability of core
melt of about 1078 and 10-6 per reactor-
year for all sizes of earthquakes. This
would not contribute significantly to
the probability of core melt of
5 x 1075 predicted from all other causes
predicted by the study.

In regard to the consideration of sites
of different geologic structures and
seismic activities, it should be noted
that the work of Hseih, since it is a
prediction of earthquake probability for
any point in the eastern United States,
covers sites of different geologic
structures. This same work also covers
a wide range of seismic magnitudes. As
already indicated, the analysis in the
final report incorporates this informa-
tion and indicates that the predictions
of earthquake damage are also generally
valid for west coast sites.

S. T. Algermissen, "Seismic Risk Studies of the United States," Proc. 4th World

Conference of Earthquake Eng., Santiago, Chile, 1969.

2

C. A. Cornell and H. Mertz, "A Seismic Risk Analysis of Boston,

paper presented at

the National Conference of the American Society of Civil Engineers, April 1974.

3

T. Hseih et al., On the Average Probability Distribution of Peak Ground Acceleration

in the U.S. Continent Due to Strong Earthquakes, UCLA-ENG-7516, March 1975.

4

N. M. Newmark, "Probability of Predicted Seismic Damage in Relation to Nuclear

Reactor Facility Design (Draft)," September 1975.
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One comment questioned the validity of
the approach used by the regulatory
staff in the selection of design basis
earthquakes. While the study did not
use this method, it is noted that the
analysis in section 5.4.1 of the Main
Report assumes that reactor sites are
randomly located relative to earthquake
epicenters. It should be recognized
that this 1is a conservative approach
since the regulatory process tries to

ensure that reactors are not located in
the near vicinity of potentially active
earthguake faults. Assuming that reac-
tors are located randomly with respect
to earthquake epicenters gives no credit
for the application of regulatory siting
requirements. The study believes that

the regulatory method is valid and, in
fact, results in earthquake risks for
reactors being smaller than that assumed
in the study's approach.




Section 16
Sabotage

Several commentsl noted the need to

"evaluate the susceptibility of nuclear

power plants to acts of sabotage and to
evaluate the possible consequences
thereof. This subject had been consid-
ered by the study in the draft report,
and it was concluded that the
probability of occurrence of such acts
could not be estimated, but that the
consequences of such acts would not be
greater than the 1largest consequences
estimated from other causes. It was
also stated to be difficult for an act
of sabotage to . create consequences as
large as the largest predicted from
other causes.

Further examination of this area has
since been completed. The overall view
of the study concerning sabotage is
presented below. The discussions of
sabotage in the Main Report (sections
1.9(3), 5.4.6, and 7.4.2) have also been
modified as appropriate.

The results of the investigation of
sabotage have led the study to the
following conclusions:

1. Nuclear plants have inherent
characteristics that provide built-
in difficulties for successful sabo-
tage efforts.

2. Recommendations for further counter-
measures have been made. Some of
these have already been acted on,
and others are under consideration.

lAmerican Physical Society Study Group on Reactor Safety; Pollution and Environmental
Problems, Inc.; Resources for the Future,
Concerned Scientists; R. Keller; Amory Lovins; Richard E. Webb.

-low, and further reductions in probabil-

Inc.; The National Intervenors;

3. The worst consequences associated
with acts of sabotage at reactors
are not expected to lead to conse-
quences more severe than the maximum
consequences predicted by the study.
The expected consequences of suc-
cessful sabotage are but a small
fraction of these maximum conse-
guences.

4, Nuclear power plants appear far less
susceptible to sabotage than most
other civil or industrial targets.

Because there currently is no comprehen-
sive method for estimating the probabil-
ity of acts of sabotage directed at any
target, the consideration of the level
of protection against acts of sabotage
is thus quite important. Current U.S.
NRC guidelines (Safety Guide 1.17 and
proposed Section 73.55 10CFR), which are
significant improvements over previous
security practices, have been substan-
tially implemented at operating
reactors. Furthermore, recent studies
have produced further recommendations
for plant countermeasures to supplement
the current security measures. As a
result of these recommendations addi-
tional requirements are under considera-
tion. The implementation of these
improved requirements should further
reduce the probability of successful
sabotage.

With the implementation of current se-
curity measures, it appears that the
probability of successful sabotage is

ity can be anticipated in the future.

Union of



Such information is

Section 17

were received from eight
sourcesl relative to certain aspects of
the scope of the study. These comments
generally suggested that the study would
be improved if it were modified to in-
clude high temperature gas-cooled reac-
tors (HTGRs), liquid metal fast breeder
reactors (LMFBRs), fuel reprocessing
plants, transportation accidents, and
the use of mixed oxide fuel.

Comments

section 1.1 of the Main
"principal purpose of the
study is to assess the risks to the
public from potential accidents in
nuclear power plants of the type being
built in the United States today."
section 1.9 of the Main Report states
this study covers only 1light-water
cooled nuclear power plants of the type
now coming into operation. Other types
of nuclear facilities were outside the
scope of this analysis. Furthermore,
the type of analysis performed in WASH-
1400 requires the final designs of
plants and detailed operating, test,
maintenance, and emergency procedures.
not available for
facilities other than light-water reac-
tors, and therefore a WASH-1400 type of
analysis could not have been performed
even if it were desired to do so. It is

in
the

As noted
Report,

true that less detailed, more general-
ized risk assessments can be performed
for such facilities; however, the

analyses would be less rigorous.

Comments were also made to the effect
that the study should recognize the
design differences between the plants
analyzed and other light-water reactors

lU.S. Department of Health, Education
Agency; Atomic Industrial Forum;

Scope

‘greater

and Welfare;
Babcock

and present the necessary arguments to
support the thesis that differences at
the system level do not have a major
effect on overall risk assessment.

Furthermore, the validity of extrapolat-

ing results to 100 reactors should be
discussed, particularly with respect to
the plant mix expected to be in

existence in the future.

The objective established at the outset
of the study was to look ahead only to
the near future -- that is, the reactor
plant mix expected to be in operation in
about 5 years. Thus, the wupper limits
of extrapolation appeared to be a popu-
lation of 100 plants consisting of
approximately equal numbers of PWRs and
BWRs.

The two plants analyzed were selected on
the basis that they were the largest
plant_of each type about to start opera-
tion. As indicated in section 1.9 of
the Main Report, the applicable codes
and standards and safety design require-

ments have been significantly improved
since the designs of the plants consid-
ered in the study were undertaken.

Chapter 7 of the Main Report discusses
in some detail the validity of the ex-
trapolation to 100 reactors and suggests
that such extrapolation is likely to be
conservative for the above reasons as
well as improved implementation of
design requirements. Chapter 7 also
suggests that "it would be useful to
pursue these matters further to give a
degree of confidence in the
extrapolation of results to other
plants."

U.S. Environmental Protection

& Wilcox; Pollution and Environmental

Problems, Inc. Resources for the Future, Inc.; Sargent & Lundy Engineers; Union of

Concerned Scientists.

2It was necessary to choose plants very near the commencement of operation to ensure

the availability of final designs plus operating, test, maintenance,

procedures needed for detailed analysis.
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Section 18

Design Adequacy

Several comments that were received
suggested clarification of various sec-
tions of Appendix X or were editorial in
nature. Where appropriate, changes have
been made in the text of Appendix X to
clarify the intent and remove ambigui-
ties. A number of specific comments
required a response in kind, often ac-
companied by a textual change in Appen-
dix X. These are presented below.

COMMENT 18.1

For the PWR reactor building, a constant
damping of 10% of critical damping.was
employed for the design basis earth-
quake, as noted in section A6.3.1.1,
Although it is not possible, because of
the limited data available, to confirm
that this assumption 1is sufficiently
conservative, we note that damping  asso-
ciated with the first mode shown in
Table X A-13, if predominantly rocking,
appears larger than we have normally
used for rigid-body rocking motion.

(Gibbs & Hill, Inc.)
RESPONSE

The damping coefficient wused for the
rocking mode is 10% of the critical
damping coefficient and is obtained from
the ratio of the strain released to the
energy stored in the structure when
responding to this particular mode.
This method of estimating the modal
damping coefficient, coupled with the
classical analysis of structural re-
sponse with foundation interaction, has
been proved by Roesset et al.l to pro-
vide reasonably accurate results.

COMMENT 18.2

In section A6.3.1.1, the report states
that .the effective ™ mass of ' the soil,
estimated to be approximately 25% of the

mass of the base mat or less than 10% of
the mass of the building, was not con-
sidered in the analysis but was of
"minor consequence." No effective mass
moment of inertia of soil has been men-
tioned which may influence the response.

Moreover, our experience indicates that
in wvertical translation the effective
mass of the soil is much larger than for
the horizontal translation and should
not generally be neglected in the analy-
sis since its effects may significantly
alter the response.

(Gibbs & Hill, Inc.)
RESPONSE

The role played by soil mass and soil
inertia in the structural response 1is
not uncontroversial. However, the omis-
sion of these effects in the model is
not regarded as contrary to good engi-
neering, state-of~-the-art, practice.
Some investigators believe that these
parameters play a minor role.

COMMENT 18.3

In section A6.3.2.3 of WASH-1400, Appen-
dix X, 1t is stated that for both noz-
zles, Bijlaard's method of analysis is
of doubtful value for the computation of
the stresses in the pump casing wall at
the junction with the nozzle, since the
conditions for wvalid application of
Bijlaard's method are not present.

The comments on the limitations of
Bijlaard's method are theoretically cor-
rect, however, as in most real engineer-
ing problems some approximations must be
made to arrive at a solution.

Use of the Bijlaard method with appro-
priate approximations which make the
method feasible, -shows that the design

lJ. M. Roesset, R. V. Whitman, and R. Dobry, "Modal Analysis for Structures with

Foundation Interaction,"” Journal of the

Structural Division, Proceedings of the

American Society of Civil Engineers, March 1974, p. 399%-416.

2R.'V. Whitman and F. E. Richart, Jr.,

"Design ‘Procedures for Dynamically Loaded

Foundations," Journal of the Soil Mechanics and Foundations Division, Proceedings of

the American Society of Civil Engineers, November 1967.




is adequate for its intended use. The
results for one load case comparison
show that the maximum stress occurs at
the same location and differs by only
1%. Further, finite element evaluations
will be made which more closely approxi-
mate the true geometry, loadings and

boundary conditions. These additional
analyses are considered as only back-up
to existing analyses and are not re-
guired to establish design adequacy.

(Westinghouse Electric Corp.)

RESPONSE

The information that was presented for
consideration was not a detailed stress
analysis of the actual discharge nozzle
and casing. Rather, two geometrically
simpler (and therefore more tractable)
problems were examined:

a. The intersection of a small cylinder
(analogous to the nozzle) and a
larger uniform cylinder (analogous

" to the pump casing). o

b. a similar cylindrical/spherical
~shell intersection problem.

The actual stress was then estimated
from these . results by comparing the
solved geometries with the actual
geometry. I

This approach can provide acceptable
evidence of structural adequacy in
either of the following cases:

a. The comparison stresses from the
simplified models are within allow-
able stress levels, and it can be
clearly demonstrated that the com-
parison stresses conservatively
bound the actual solution.

b. The comparison stresses are much
lower than the permitted limits, so
that actual stresses will be accept-
able even if the comparison stresses
are unconservative estimates.

In the case of the discharge nozzle, the
calculated -comparison stresses are quite
large. Under upset conditions, reported
stress intensities for casing surfaces
are .essentially at the limit (slightly
below if typical as-built thicknesses

are used; and slightly above if minimum

casing thicknesses specified in the
drawings are used). For the faulted
condition, local membrane stress inten-
sity is shown to be 67% to 79% of the
limit (depending on the thickness as-
sumption made). ’
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Comparison Model Stress (psi)

Cylindrical vessel}
NUMBRA program 63,671
Bijlaard's Table 5 64,216

Calculated with ihitial ,
load stresses 54,378

Spherical veSSel:(a)
SPHNOZ program 61,530

Bijlaard's Table 2 61,536
' (sclid nozzle)

Bijlaard's Table 3 57,325
v (hollow nozzle)

(a) The spherical vessel model is taken
to have a radius equal to the diam-
eter of the cylindrical model. This
is the "mean" Tradius of curvature
of the cylinder.

Before the stress values from the com-
parison models can be accepted as valid
for geometries -that depart from those
modeled, it must be determined whether
the stress. wvalues calculated are valid
for the model geometries themselves.

Since both models fall outside the ap-
plicability limits for Bijlaard analy-
sis, as presented in Welding Research
Council Bulletin 107, there 1is no guar-
antee that either result is correct (and
there is some 1likelihood that neither
is). - Since one would not anticipate
exact correspondence between - actual
solutions for the different geometries,
proof of the correctness of results by
their numerical identity is tenuous.

It is unlikely that either of the com-
parison models approximates the actual
structure because of the - following
considerations:

1. The discharge nozzle abuts - a stiff
ring bolted to a thick, solid-disk,
main flange. Even if the casing had
no nozzle, this would be regarded as
a discontinuity in the casing shell
structure. It almost certainly also
exerts a major influence on shell
stresses from pipe reactions in -and
around the discharge nozzle. ,

2. The suction and discharge nozzles

are close. This introduces two
‘major departures from model
geometry:




a. It negates the uniformity in the
shell structure upon which the
Bijlaard analysis is based.

b. It

introduces interaction
. : stresses in the region between
nozzles.

The allowable stresses. provided by sec-
tion III of the ASME Boiler and Pressure
Vessel Code are predicated on, and in
part justified by, the ability of the
analyst wusing modern analytical methods
to accurately appraise stresses. Use of
models or methods that do not provide
assurance of stress prediction accuracy
is, 1in principle, inconsistent with the
use of section IIT stress limits.

In conclusion, it appears that the pump
shell casing geometry should be analyzed
by the finite element method to obtain a
suitable analysis of stresses.l

COMMENT 18.4

The commentary in section A6.3.2.4
states that the thrust coefficient of
1.25 in the formulae for P is appropri-
ate for the main steam line but is .not
sufficiently high for the feedwater
line. A coefficient of 1.9 should have
been used.

For saturated water or . steam discharge
through an idealized no loss nozzle, a
thrust value of ~1.25pA (where p is the
pressure and A is the area) is predicted
based on conservation relations and
thermodynamic considerations.

(Westinghouse Electric Corp.)
RESPONSE '

For a pipe break in a 1line initially
filled with water that is subsequently
expelled by steam, situations may occur
{depending on the particular 'de51gn)
that could geherate forces larger . than
1.25pA. The feedwater line. ih the PWR
plant was believed to be potentlally of
this character.

Prior to the publlcatlon of draft WASH-
1400, . the. vendor presented no evidence
that this ‘point had been . considered.
La¢king specific information, it was
felt that a more conservative. (i.e.,
larger) . .thrust coefficient for the PWR
feedwater . llne should have been used in
design.

1

analysis.
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It is noted that the supplier intends to perform, and in fact has begun,

Subsequently, analyses were performed by
the vendor to establish the thrust coef-
ficient appropriate to the PWR plant
feedwater 1line for the case when the
steam generator water level drops below
the feed ring. This permits high-
pressure steam to enter the feedline and
accelerate an ever diminishing water
mass down the pipe to the break.

It 1is concluded that an impulse thrust
with peak force = 1.35pA is appropriate
and conservative for the PWR plant feed-
water line., This is based on particular
break remote (170 ft) from the steam
generator. Breaks less remote develop
less thrust. Therefore, the conclusion
in section A6.3.2.4 of Appendix X has
been modified to indicate that design
criteria are satisfied.

COMMENT 18.5

WASH-1400 concludes that it 1is not
certain that LHSIS pump can continue to
function during and after impeller de-
flection of 1.15 in. and that no tests
or analyses were performed to provide
this assurance.

Calculations show that a momentary
interference between the rotating and
stationary elements would not be detri-
mental for a static condition and an
interference would not exist at all
during the actual operation of the pump.

This conclusion, coupled with the
calculated stresses which are shown to
be below the allowable stresses, assures
design adequacy of the pumps.

(Westinghouse Electric Corp.)
RESPONSE

The drive motor for the' LHSIS pump is
located -about 50 ft above the pump. The
drive shaft is encased in a pipe and
laterally supported within it at several
elevations. The-pipe. casing, in turn,
is braced to the structure. Computa-
tions show that during the design basis
earthquake the casing will deflect 1.15
in.  at the pump end

When'- the draft- report was wrltten, in-
formation had not been provided by the
supplier that the pump could continue to
operate after exper1enc1ng such deflec-
tions. :

such an




Subsequently, a review was performed of
the supplier's computations of the de-

flection of the pump impeller shaft
within the pipe and pump casings,

together with computations of shaft
bearing loads under conditions of
maximum deflection. These loads and de-
flections were derived from a static-g-
load analysis for a 3.0 g horizontal
acceleration.

The supplier's computations demonstrated
that for the conditions investigated:

1. Stator-rotor clearances are not
functionally impaired.

2., The maximum shaft bearing 1load is
370 1b, whereas the bearings have a
rated load capacity of 1500 lb.

It is concluded that the methods used in
the analysis seem adegquate to support
this conclusion and the results obtained
are reasonable. The analytical approach
used by the pump supplier addresses the
principal questions concerning the abil-
ity of the pump to continue to operate
when the pump casing has been deflected
1.15 in. and provides credible engineer-
ing assurance that operability will not
be impaired by static deflections of
this magnitude. :

On this basis, the conclusion to -section
A6.3.3.2 of Appendix X has been modified
to indicate that the pump and drive de-
sign are adequate. However, since there
is no evidence that seismic qualifica-
tion tests were performed, it has been
assessed as adequate with reduced
margin.

COMMENT 18.6

The radiation resistance of pump inter-
nals, gquestioned in sections A6.3.3.2
and A6.3.5.1, has been demonstrated and
documented.

{(Westinghouse Electric Corp.)
RESPONSE

The documents referenced in the detailed
comment summarized above have been re-
viewed. They indicate that substantial
irradiation tests have been carried out,
and the results appear to be acceptable.
However, the documents provided do not
contain sufficient information on the
tests performed to permit an unqualified
assessment of design adequacy. Also,
the implied assumption that materials
which are radiation resistant under nor-
mal ambient conditions will necessarily
function as required under operating

conditions is questionable. It would be
preferable to test the operation of the
integral unit after at least the more
vulnerable components have been
irradiated. :

On the basis of the irradiation tests
performed, the pump internals have been
assessed to be adequate. However, be-
cause of the lack of integral tests, the
safety margin may be somewhat reduced.

COMMENT 18.7

Appendix X stated that there appeared to
be an inconsistency in the results of
stress analyses of the accumulator tank
nozzles, and the results of the analysis
and evaluation performed by the supplier
were questionable. Insufficient infor-
mation existed to assess design adequacy
for the stresses during a LOCA.

Westinghouse believes that an incorrect
comparison of primary local .membrane
stresses (0p) was made for the loop No.
2 and loop No. 3 accumulators.

(Westinghouse Electric Corp.)
RESPONSE

The vendor has explained the apparent
discrepancy reported in draft WASH-1400.
Additional documentation of the basis of
the analysis, together with useful data
and stress results, was also  provided.
These computations meet the requirements
of the ASME Code Section III (including
Code case 1607) for Class 3 vessels and
adequately demonstrate the ability of
accumulator vessel to carry design loads
for the faulted condition. Section
A6.3.4.1 of Appendix X has been modified
appropriately.

COMMENT 18.8

The WASH-1400 draft report stated that
the qualification of the sensors and
logic cabinets could not be evaluated
for seismic and steam environmental
exposures with the information avail-
able. ‘

Westinghouse believes that the addition-
al information provided with this com-
ment shows that Westinghouse :did conduct
seismic qualification tests at substan-
tially higher input 1levels than that
contained in Reference 26 of WASH-1400
and the protection equipment was exposed
to various environmental conditions.

Based on the above, it is concluded that
the PWR components are in fact adequate-
1y qualified. S
(Westinghouse Electric Corp.)
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RESPONSE

With regard to the seismic gualification
testing reported, it appears that the
instrumentation met accepted criteria.
However, since simultaneous biaxial and
multifrequency excitations were not in-
cluded in the qualification tests, the
sensors and logic cabinets have been
assessed as being adequate with reduced
margin,

COMMENT 18.9

The section on seismic loads (section
A6.1.1.1) appears incomplete in that
current design response spectra were not
evaluated for the structures and equip-
ment. In sections A6.1.1.1 and
A6.1.2.1, it is stated that the current
spectra would increase seismic loads (by
as much as a factor of 2). It is not
clear what these increases mean relative
to the general seismic vulnerability of
the 100 plants and what risks are
associated with the increases.

(U.S. Environmental Protection
Agency)

RESPONSE

Although one may properly infer that

changes in seismic design loadings can
result from the response spectra cur-

rently presented in NRC Regulatory Guide
1.60, one must be careful not to con-
clude that the overall reported stresses

change by the same ratio. This is so
because the seismic loading is but one
of the many loads considered in deter-
mining the overall stress level.

In almost all cases, only critical
stresses are investigated and evaluated
(i.e., worst case loadings are assumed).
For example, the operating basis earth-
qguake (currently one-half the safe shut-
down SSE earthquake) is treated as a
normal operating load and must be
evaluated against the same limits that
apply for normal and upset conditions.
Worst case loadings would normally be
considered and these stresses reported.
Thus, in addition to seismic loads, one
usually includes loadings from weight,
pressure, external applied forces, and
the most severe of the upset thermal
transients.

Thus, the earthquake load is only a part
of total loading considered and accounts
only for a corresponding part of the
total stress reported. A given percent-
age increase in the seismic portion of
the loading would, in general, produce a
smaller percentage increase in the re-
ported total critical stress.

Also the factors of increase (or de-
crease) 1in seismic 1loadings cited in
Appendix X are maximum load changes.
Load prediction by the response-spectra
method is a function of the natural
frequency of the structure. Only those
structures whose natural frequency cor-
responds to, or falls within the range
of, the frequencies producing the maxi-
mum change in seismic load would experi-
ence the maximum ratios cited in the
report. Other structures are less
severely affected.

The question regarding extrapolation to
100 plants is discussed in section 16 of
this appendix.




‘cavity.

Section 19

Miscellaneous

COMMENT 19.1

Does the containment spray recirculation

system (CSRS) provide water to the reac-
tor cavity? From section 2.2.8 of
Appendix VIII it appears that the
containment spray injection  system
(CSIS) is assumed not to deliver water
to the cavity.

(U.S. Environmental Protection
Agency~-Intermountain
Technologies, Inc.)

RESPONSE

A fraction of both the CSRS and CSIS
water reaches the bottom of the reactor
Since the capacity of the CSIS
is . less than that of the CSRS and since
the former operates for a limited period
of time, the quantity of water supplied
to the cavity due to the operation of
the CSIS is much less than that due to
the operation of the CSRS.

COMMENT 19.2

The growth rate of reactors may exceed
the growth rate of competent designers,
operators, maintenance workers, etc.

(Amory Lovins)
RESPONSE

As noted in section 1.9 of the Main
Report, the expected improvement in the
safety of nuclear power plants depends
strongly on the continuing existence of
competent and well-supported regulatory
and reactor safety research programs and
reasonably conservative extrapolatlon of
current practlce.

The regulétdry program is ‘organized to
consider the factors mentioned in the
comment. The design of each. plant is

subjected to a thorough review by the’

regulatory staff. Criteria for quality
assurance programs and safety designs
have been established, and frequent
regulatory inspections "are held to
ensure -that they are in :-force..  Guides
have .been published .indicating accepta-
ble practices in such areas as personnel
selection and training; quality assur-
ance program requirements during design,
construction, and operation; preopera-
tional testing requirements; qualifica-

tion of inspection, examination, and
testing personnel; and welder qualifi-
cation. Furthermore, prior to being
authorized to operate a nuclear plant,
each operator must pass a detailed
examination to demonstrate his compe-
tence. He is also periodically retested
to ensure that his competence has not
deteriorated. The continued existence
of such programs should prevent the
undesirable events envisioned by the
comment.

COMMENT 19.3

The attempt to outline the workings of a
large nuclear power plant and what
happens 1in a nuclear accident is
inadequate and incomplete. Nor is there
an admission that the development of an
accident, after its initiation, is
little studied.

(Friends of the Earth)

RESPONSE

The study did not attempt to provide a
complete treatise explaining the opera-
tional principles of a large nuclear
power plant; its only purpose was to
explore its safety features in potential
accident situations in order to provide
an assessment of risk. Several excel-
lent texts on the physics and engi-
neering principles of nuclear plants are
available. Nuclear reactors and the
fission process are described briefly
and simply in the booklets entitled
Nuclear Power Plants (IB-505) and
Nuclear ~ Reactors (IB-507) of the
Understanding '~ the ' Atom series for the
layman., (These pamphlets are available
from the Energy Research and Development
Administratien.) In addition, Appendix
IX of WASH-1400 provides a description
of the basic logic for the safety design
requirements imposed on nuclear power
plants for the benefit of those not well
schooled in reactor safety.

Appendices I, IV, V, VI, VII, and VIII
all address in . considerable detail the
phenomena . that might occur after the
initiation of ‘an accident .and describe
how these phenomena would be affected by
the operation of various plant
engineered safety feature systems.
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COMMENT 19.4

The assumption that all fuel stored in
the spent fuel storage pool melts on
loss of coolant regardless of decay time
is highly conservative. This in direct
contradiction to the stated objective to
perform a more realistic risk
assessment.

(Edison Electric Institute)

RESPONSE

In order to determine if accidents out-
‘side the core would present any signifi-
cant contribution to risk, bounding
calculations were performed as indicated
in Appendix I, section 5. Examination
of these calculations revealed that
these bounding assumptions presented
only a very small contribution to the
overall risk (see Appendix V, section 2
and Appendix VI, Section XX). There-
fore, detailed calculations to determine
the actual extent of - damage to stored
fuel, given the accidents postulated,
were not performed. It should be recog-
nized that this study is an assessment
of accident risks in U.S. commercial
nuclear power plants. If -simple
analyses that are clearly conservative
show a given item does not contribute to
the overall risk, further refined
analyses were deemed unnecessary.

COMMENT 19.5

The discussion of "learning curves" in
section 2.3.2 of the Main Report to
indicate safety will improve with time
is facile and unconvincing. The number
of fatalities per operation of commer-
cial aircraft has not evidenced
increased safety with time. The number
of crashes 'per flight has remained
relatively constant.

(Scientists' Institute for
Public Information;
Amory Lovins)

RESPONSE

As noted in the Main Report, experience

1

from several industries reflects the
ability to take advantage of increased
knowledge in order to improve safety as
a function of time. It is recognized
that other industries could be chosen
that do not reflect this +trend; there
are many examples of those that have
developed with constant attention to
safety and do show an improvement in
safety with time. As noted in Appendix
IX and in sections 1.9 and 3.3.2 of the
Main Report, significant improvements
have been made in the safety design
requirements for nuclear power plants,
in their  implementation, and in ' the
applicable codes and standards wused in
their design as time has progressed.
Thus, assuming continued effectiveness
of regulatory and research efforts, it
is reasonable to expect that the safety
of nuclear power plants will continue to
improve with time.

Data in Fig. 2.2 of the Main Report are
presented in terms of fatalities per
100,000,000 passenger miles, Figure XI
19-1 presents fatal accidents per opera-
tion (landing or takeoff) as a function
of timel for the U.S. air carrier
fleet.2 As can be seen, there is a
clear reduction in the fatal accident
rate with time. This figure has been
added to section 2.3.2 of the Main
Report. :

COMMENT 19.6

The determination of individual risk as
a function of distance from the plant
would more correctly show the actual
risks to those living within a reason-
able distance of a plant.

(AEC Regulatory Staff;
Bechtel Power Corp.)

A discussion of individual risk as a
function of distance from the plant.- has
been incorporated into Appendix VI,
section 13. ’

Data based on information in Tables 2.14 and 10.11, FAA Statistical Handbook of

Aviation, Calendar Year 1972, U.S. Department of Transportation, Federal Aviation
Administration, April 1974; and Tables 2.8 and 10.3, FAA Statistical Handbook: of
Aviation, Calendar Year 1973, U.S. Department of Transportation, Federal Aviation

Administration, May 1975.

2 . . Lo . . :
Excludes midair collisions nonfatal to air carrier occupants.
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