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Preface

Shortly after the April 1986 nuclear accident at the Cher-
nobyl Nuclear Power Station in the Soviet Union, Secretary of
Energy John S. Herrington requested that the National Academy
of Sciences and the National Academy of Engineering provide an
independent assessment of the implications of the accident for the
safe operation of 11 of the Department of Energy's (DOE) larger
reactors. In response, the Academies formed the Committee to
Assess Safety and Technical Issues at DOE Reactors, which in
August 1986 began the study requested by the Secretary.

This report fulfills a part of the Secretary's request. It provides
an assessment of safety and technical issues at four of the eleven
Class A reactors: the K, L, and P reactors located at the Savannah
River Plant in South Carolina and the N Reactor located on the
Hanford Nuclear Reservation in Washington. (The C Reactor, also
located at the Savannah River Plant, was retired in January 1987.)
These reactors are referred to as "defense production" reactors
because they are operated primarily to supply the Department of
Defense with plutonium and tritium for use in nuclear weapons. A
subsequent report will examine the remainder of the DOE's large
reactors.

The N Reactor has operated for nearly 25 years, and the re-
actors at the Savannah River Plant for over 30 years. During

vii
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this time, none of she reactors at either site has had an accident
approaching the severity of those at either Three Mile Island or
Chernobyl. Nevertheless, the scale and consequences of the Cher-
nobyl accident should serve as the impetus for a reexamination of
all reactors. The review reported in this document was conducted
by a committee whose members are experienced in reactor safety,
particularly in the commercial and naval reactor fields.

In conducting the study, the committee reviewed extensive
documentation from the DOE and its contractors, including de-
partmental orders, testimony before Congress, safety analyses and
incident reports, comspondence, audit and surveillance reperts,
minutes of meetings, and other documentsall extending back
several years. The committee also made several site visits to
Savannah River and to the N Reactor in order to interview indi-
viduals engaged in management and operations. The committee
held a number of meetings at which it heard the views of several
members of a panel of experts (generally known as the Roddis
panel) that conducted an earlier review of the N Reactor for the
DOE. The committee also conducted a series of public hearings to
hear the views of citizens in the immediate vicinity of the plants.
The committee is grateful to all those who participated.

One of the committee members, Kai Lee of the University of
Washington, is also a member of the Northwest Power Planning
Council. This council is responsible for formulating forecasts and
plans for the Pacific Northwest region. In view of the appearance
of a possible conflict of interest between his role on this committee
and his responsibilities on the council, Professor Lee has chosen
to take no part in any of the committee's deliberations on the
reactors at Hanford.

Several events occurred in the course of the study that have
had an impact on the overall status of the production reactors. In
late 1986, Congress failed to authorize funds requested by DOE
for the purpose of extending the life of the N Reactor to the year
2000. In November 1986, the Department of Energy lowered the
operating power of the Savannah River reactors in response to
uncertainties regarding the capability of the reactors' emergency
core cooling systems. On January 6, 1987, the N Reactor en-
tered into a prolonged outage in order to implement changes in
administrative procedures, to conduct tests, and to install addi-
tional safety equipment. The shutdown was for the express pur-
pose of responding to the many recommendations that resulted

1.0
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from various post-Chernobyl reviews of the reactor. In the spring,
Congress considered legislation that would prevent the N Reactor
from ever operating again unless assurances were forthcoming as
to the plant's safety. Late in the spring, the Secretary of Energy
indicated that the Department intended to submit a request for
funds in the FY 1989 budget for the design of new production re-
actors, and around the same time the Department made a request
that the National Research Council separately study the viability
of selected alternative technologies for such a reactor.

These changes complicated the committee's task. Moreover,
in response to particular issues associated with events at Savannah
River and Hanford, the committee prepared two letter reports that
were submitted to the Secretary of Energy; these are in Appendixes
C and G, respectively, to this report.

In language adopted in the House version of the FY 1988
defense authorization bill, Congress requested that the Academies
produce a report relating to the safety of operation of the N
Reactor. The committee believes this report is responsive to that
request. Also late in the spring, members of Congress discussed
with officials of the National Research Council the possibility of
the Research Council evaluating whether the N Reactor was "safe"
to restart. This report does not reach any conclusions with respect
to restart. Although the committee brings to its task a wealth of
experience in the field of nuclear safety, it has neither the legal
authority nor the capacity to conduct the in-depth scrutiny that
would be necessary to judge the overall safety of any of DOE's
reactors. This report should be considered an examination by a
number of outside experts of a set of particular technical issues
and uncertainties, and an evaluation of the conceptual soundness
of DOE's approach to reactor safety. Both the strengths and
weaknesses highlighted in the report should be understood in that
light.

The committee has sought to recommend improvements in
production reactor safety in a variety of technical areas. But the
report does not cover all technical issues important to safe reactor
operation. In particular, the committee does not address such
issues as safeguards and security, fuel handling and transportation,
occupational safety, fire protection, quality assurance, or waste
management.

In its review of safety issues at the production reactors, the
committee identified management as a major area of concern. A
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discussion of the committee's views is presented in Chapter 3.
The discussion in Chapter 3, however, is not intended to address
how DOE should manage the safety and production challenges of
the defense production enterprise as a whole. The production of
nuclear weapons involves facilities at half a dozen sites containing
reactors, chemical separation plants, waste management facilities,
transportation networks, and other activities. DOE's management
responsibility is to operate this complex of activities safely while
meeting national requirements. for the products. The assurance of
the safety of the production reactors is but one element of DOE's
responsibility.

x
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Executive Summary

The United States produces plutonium and tritium for use in
nuclear weapons at the defense production reactorsthe N Re-
actor in Washington and the Savannah River reactors in South
Carolina. This report reaches general conclusions about the man-
agement of those reactors and highlights a number of safety and
technical issues that should be resolved. The report provides an
assessment of the safety management, safety review, and safety
methodology employed by the Department of Energy and the
private contractors who operate the reactors for the federal gov-
ernment.

The report is necessarily based on a limited review of the
defense production reactors. It does not address whether any of
the reactors is "safe," because such an analysis would involve a
determination of acceptable riska matter of obvious importance,
but one that was beyond the purview of the committee. It also
does not address whether the safety of the production reactors is
comparable to that of commercial nuclear power stations, because
even this narrower question extended beyond the charge to the
committee and would have involved detailed analyses that the
committee could not undertake. (In addition, the committee did
not address such specific issues as restart of the N Reactor or the
particular steps necessary to restore full power operation to the
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Savannah River reactors.) Nonetheless, the committee hopes that
its study will prompt the Department of Energy, others in the
Executive Branch, and the Congress to address and resolve the
safety and policy issues discussed in the report.

The report is organized in three chapters. Chapter 1, "The
DOE Safety Framework," examines the safety objective estab-
lished by the Department of Energy for the production reactors
and the process the Department and its contractors use to im-
plement the objective. Chapter 2, "Technical Issues," focuses
on a variety of uncertainties concerning the production reactors,
particularly those related to potential vulnerabilities to severe ac-
cidents. While reading Chapter 2, it is important to bear in mind
that over the years the contractors have emphasized the preven-
tion of accidents, and the production reactors have been operated
for more than 25 years without experiencing a major one. Chapter
3, "Strengthening the Technical Basis of Reactor Safety Manage-
ment," identifies ways in which the DOE approach to management
of the safety of the production reactors can be improved.

The report raises many safety questions and considers ways of
addressing them. This summary presents the principal conclusions
and recommendations of the report as drawn from Chapters 1, 2,
and 3.

THE DOE SAFETY FRAMEWORK

The stated safety objective for the defense production reactors
is the achievement of a level of safety comparable to commercial
nuclear power plants. However, the committee found a high de-
gree of confusion both within DOE and among the contractor staff
concerning the safety objective. The committee concludes that
the Department has not clearly articulated, documented, or im-
plemented any specific safety objective for its reactors. While the
committee does not criticize the objective of comparability per se,
the Department's approach is so imprecise that it fails to provide a
clear benchmark against which to determine whether comparabil-
ity is being achieved. The absence of clear DOE guidance leads the
committee to recommend that the Department clarify its safety
objective and, in the process, provide a safety objective that is
operationally meaningful to DOE and contractor staff as well as
understandable to the public. The Depart ment's safety objective

xiv
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should provide a clear foundation on which the implementation of
safety can be built.

In support of the safety objective, the Department sets re-
quirements for the production reactors through the issuance of
Department Orders and through its contracts with the corpora-
tions that operate the reactors. However, the committee finds
that the Department has failed to specify its safety requirements
clearly, has failed to apply them uniformly at the two production
reactor sites, and has failed to implement them in a timely manner.
The committee recommends that the Department revise its Orders
so that they specify requirements clearly and establish deadlines
and that DOE and Congress budget funds for implementation.

Following the Chernobyl accident, the Department, on an ad
hoc basis, increased its audits of contractor performance. This
effortits recent origin asidehas been commendable. The com-
mittee urges the Department to continue to conduct comprehen-
sive audits of contractor performance on a frequent and continuing
basis and to require prompt responses to these audits from the
contractors in order to help assure reactor safety.

T'.. age and unique designs of the production reactors demand
high levels of technical capability in operating, engineering, and
support staff. Indeed, increased levels of technological vigilance
are needed at the defense production reactors. The committee
recommends that the Department and its contractors develop an
expanded in-house capability to address, evaluate, and achieve
an in-depth understanding of the technical issues associated with
the safety of the production reactors. Methods and analytical
techniques that are at least comparable in technical sophistication
to those used within the commercial nuclear industry should be
developed and used. The analyses and supporting tests arising
from this effort should be comprehensive in scope and should be
subjected to thorough outside peer review.

TECHNICAL ISSUES

The main body of the report is contained in Chapter 2 and
consists of evaluations of eleven technical issues pertaining to one
or both of the production reactor sites. Key conclusions and rec-
ommendations in Chapter 2 relate to the committee's assessment
of such issues as acute aging phenomena; evaluation of potential
severe accidents; power operating limits; confinement systems; and

xv
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the treatment of radioactively contaminated liquid effluents at the
production reactors. Almost all the issues highlighted in Chapter
2 deal wholly or in part with phenomena that could accompany
potential severe accidents at the production reactors. This em-
phasis derives primarily from the Secretary of Energy's request
that the committee examine the Department's reactors "in light
of the Chernobyl accident." The committee stresses in the report,
however, that attention to the causes and consequences of severe
accidents cannot in and of itself assure the safety of the produc-
tion reactors aad must not be allowed to detract from programs
essential to managing, operating, and maintaining the production
reactors so that severe accidents do not occur in the first place.

One of the key issues identified in Chapter 2 has to do with
the age of the production reactors. Several other technical issues
discussed in Chapter 2, such as the conduct of severe accident
evaluation and probabilistic risk assessments, cannot properly be
resolved without first answering the question of how long these
aged reactors are to be operated. The level of effort that should
be expended to evaluate potential severe accidents or to conduct
probabilistic risk assessments must be determined from a realistic
appraisal of the remaining service life of the production reactors.
Acquiring a detailed understanding of the many potential severe
accident phenomena to which these reactors may be subject would
be a time-consuming and expensive undertaking; it would make
little sense to begin an effort that would not be completed until
after the reactors are retired.

The policy and planning process of the federal government
has not realistically addressed the aging of the defense production
reactors. Among previous determinations that have proven to
be misguided are that the N Reactor would soon be retired and
therefore need not be modernized and, later, that the life of the N
Reactor would be extended through the year 2000, and, in the case
of Savannah River, that the reactors could be operated essentially
indefinitely.

The discussion of acute aging phenomena in Chapter 2 de-
scribes the extent to which the current production reactors display
symptoms of acute aging that could affect safety and are likely to
limit their useful lives. The level of uncertainty about how !ong
the production reactors can be safely operated is high, and it is
unknown whether a new production reactor or alternative means
of supplying strategic nuclear materials will be available before

xvi
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each of the existing reactor' encounters some age-related problem
that precludes safe operation. The committee recommends that
if the United States finds it necessary to have a reliable and safe
capability for the production of plutonium and tritium for nu-
clear weapons, ther planning for new production reactors or other
alternatives should be accelerated.

Chapter 2 also discusses the analysis of loss-of-coolant acci-
dents at the production reactors and the determination of the
limits of safe power operation. Based on preliminary analysis of
the significant power derating that was put into effect at Savan-
nah River during the course of the committee's work, the Savannah
River contractor and DOE believe there is a reasonable expecta-
tion that the emergency core cooling systems will prevent core
damage in the event of a hypothetical, design-basis loss-of-coolant
accident. They are continuing to analyze the problem. Because
adequate resources have only recently been devoted to develop-
ing a thoroughly documented understanding of the behavior of
the Savannah River reactors in a loss-of-coolant accident, the po-
tential for and consequences of early core heatup caused by flow
instability in the first few seconds of such an accident at higher
power levels remain to be explored. The committee recommends
that before restoring full power operation at Savannah River, the
Department satisfy itself, on the basis of a rigorous external re-
view, that it has a thorough understanding of the behavior of the
reactors in a major loss-of-coolant accident.

The committee also concludes that a thorough understand-
ing of the behavior of the N Reactor in a major loss-of-coolant
accident does not currently exist, and recommends that such an
understanding be urgently developed. The understanding should
be based on state-of-the-art analytical tools, and the tools should
have the ability to analyze potential thermal shock and water ham-
mer phenomena. The use of these tools should be accompanied
by rigorous quality assurance of the computer codes, as well as
experimental validation of the results, particularly with respect to
the distinctive horizontal geometry of the N-Reactor core.

On the more general issue of severe accidents and their eval-
uation, the committee concludes that the existing level of under-
standing of severe accident behavior for the production reactors is
inadequate to permit a realistic assessment of the effectiveness of
these designs in mitigating the consequences of severe accidents.
The committee therefore recommends that near-term decisions on

xvii
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changes in the design and operation of the production reactors be
guided by simple, physically based models and substantial safety
margins. For those reactors that have a significant probability of
being operated beyond the next few years, the Department should
now commence an in-depth program of severe accident model de-
velopment and validation. Data from t! e program should be ap-
plied in a continuing reexamination of the risk of severe accidents
and a review of the design and operation of the plants.

The production reactors differ from commercial nuclear power
plants in their use of confinement systems (i.e., systems that aim
to control the release of effluents during accidents) rather than
react(); containments (systems that aim to totally contain any
accident release) as barriers to the release of radionuclides. The
committee concludes that, in theory, the confinement approach
can provide an acceptable means for mitigating accidents.

The committee also concludes, however, that there are signifi-
cant uncertainties in the ability of the existing production reactor
confinements to mitigate the effects of radionuclide releases that
would be expected to occur during severe accidents. This con-
clusion rests on a variety of factors. For one, the design of the
filtration systems that are crucial to mitigating the release of ra-
dionuclides during an accident has been based on calculations of
the release of radionuclides from degrading reactor fuel. But re-
search performed in connection with commercial nuclear power
plants, as well as recent studies of radionuclide release from the
Savannah River reactor fuel, show that this Source term" may
be greatly underestimated. Moreover, analyses of the loading of
the production reactor confinement system filters during hypo-
thetical accidents have not included adequate consideration of
nonradioactive particulates. The committee recommends that the
Department demonstrate whether the confinement systems at the
production reactors have the capabilities (1) to withstand realis-
tic accident loads, and (2) to provide acceptable attenuation of
realistic radionuclide releases in the event of a severe accident.

Hydrogen generation and mitigation is also discussed in Chap-
ter 2. Earlier this year, the committee issued a setter report to
the Department of Energy concerning the Department's proposed
approach to hydrogen mitigation at the N Reactor. (The letter
is summarized in Chapter 2 and included in Appendix G.) In the
report, the committee reiterates its earlier recommendations that
its concerns be addressed during the development of a detailed
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design to implement the proposed approach at N Reactor, and
that the detailed design be subjected to an independent review
prior to adoption.

The committee also has concerns about the consequences of
hydrogen generation in an accident at Savannah River. The Sa-
vannah River contractor has developed and proposed to DOE a
concept for an "improved confinement system" that the committee
concludes may cause a buildup of hydrogen in a severe accident.
The committee suggests that the proposed system be reviewed to
evaluate its potential benefits and also its added risks, particularly
with respect to the enhanced possibility of hydrogen-combustion
events.

During normal operation of the N Reactor, radioactively con-
taminated liquid effluents are discharged from the confinement
into open, unlined basins. These effluents percolate into the earth.
Such direct discharges of liquid effluents into the environment
would also occur following accidents at either N Reactor or Sa-
vannah River. The direct discharge of radioactively contaminated
liquid effluents, whether during normal operation or during acci-
dents, poses a safety hazard and represents an environmentally
unsound practice. It also represents a violation of the _asic con-
finement philosophy with which the reactors were designed. The
committee recommends that the Department establish means to
protect the environment from the radionuclide-contaminated liq-
uid effluents discharged during normal operation of the N Reactor.
Me&ns should also be found at both Hanford and Savannah River
to prevent the direct discharge of contaminated liquid effluents to
the environment following an accident.

STRENGTHENING THE TECHNICAL BASIS FOR
REACTOR SAFETY MANAGEMENT

In Chapter 3 the committee examines the Department's re-
lationship with its contractors, its organizational arrangements
for ensuring the safety of the reactors, and the need for indepen-
dent oversight. The committee concludes that the Department,
both at headquarters and in its field organizations, has relied al-
most entirely on its contractors to identify safety concerns and
to recommend appropriate actions, in part because the imbalance
in technical capabilities and experience between the contractors
and DOE staff is of sufficient magnitude to preclude DOE from
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properly performing its audit function. There is a strong need for
comprehensive DOE involvement in the operation of the produc-
tion reactors. The committee recommends that the Department
acquire and properly assign the resources and talent necessary to
ensure that safe operation is being attained. Changes in DOE
staffing levels and budgets may be required to achieve such a
capability.

The committee found that the Department's approach to man-
agement falls short of reasonable expectation in attempting to cope
with the mix of production and safety responsibilities. On occa-
sion, the contractors have pressed for safety upgrades that DOE
has then rejected for budgetary reasons. The committee believes
that the Department needs to develop a better approach to mak-
ing budgetary decisions in the face of important safety needs. The
committee also recommends that, in strengthening the monitoring
of safety at the DOE production reactors, the Department should
expand its capability to sponsor research, conduct and review
safety analyses, evaluate operations, analyze trends, and assess
proposed plant upgrades. The Office of the Assistant Secretary
for Environment, Safety, and Health should have a permanent and
significant onsite presence with a formal reporting relationship be-
tween onsite personnel and headquarters staff. The Office should
have more direct access to and involvement in the resolution of key
safety issues on a timely and effective basis, as well as a central
role in internal budgetary decisions of DOE.

The committee concludes that the Department's safety over-
sight of the production reactors is ingrown and largely outside
the scrutiny of the public. Weaknesses in management of the de-
fense production reactors have led to a loose-knit system of largely
self-regulated contractors operating within budgetary constraints
imposed by and on the Department.

In light of the conflicting responsibilities of the Department
to meet production requirements and assure safety, the committee
considered whether to recommend the creation of an entirely nPw
management structure responsible solely for assuring the safety of
the production reactors. In lieu of transferring the Department's
reactor safety responsibilities to the Nuclear Regulatory Commis-
sion or to some new entity also totally outside DOE, the committee
recommends that an independent, external safety oversight com-
mittee, advisory to the Secretary of Energy, be established. The
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oversight committee should possess the following features: mem-
bers should be of recognized stature with expertise covering the
full range of disciplines relevant to reactor safety; members should
include individuals from outside the DOE community; the com-
mittee should have authority to set its own agenda; the committee
should be authorized to review both the product and the pro-
cess of the Department and contractor efforts, including review of
design, safety analysis, operations, management, inspection, and
enforcement; the committee should be supported by a full-time,
technically qualified staff because it could not function effectively
without one, and by a budget adequate for obtaining external
technical assistance as required; and the bulk of the committee's
work should be unclassified and available to the public. The com-
mittee further recommends that the Department encourage each
contractor to establish a permanent visiting committee of outside
experts to review and assess the implementation of safety initia-
tives and to report to contractor management at the site and at
corporate headquarters. In sum, the committee concludes that
DOE can accomplish the reactor safety functions assigned to it by
Congress if the Department dedicates itself to the task, although
the passage of time may demonstrate that more radical measures
should be adopted.

Finally, the committee notes that the technological vigilance
required to assure safety at the DOE reactors cannot be generated
from organizational structure alone. Within even a large, properly
structured organization, safety is a reflection of institutional com-
mitment and capability. Leadership at the policy-making level is
essential, and dedication to safety must permeate the Department
of Energy. DOE has made recent strides in this direction, but its
efforts need to be bolstered, institutionalized, and sustained.

xxi
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Introduction

On April 26, 1986, Unit Four of the Chernobyl Nuclear Power
Station in the Soviet Union was destroyed in a nuclear accident
much more severe than any previous nuclear accident in history.

In the United States the response was prompt and vigorous,
and is continuing. The Secretary of Energy took several immediate
steps to review the near- and long-term safety of reactors owned
and operated by the U.S. Department of Energy (DOE). At the
Secretary's request, the National Academy of Sciences and the
National Academy of Engineering formed a committee to assess
safety and technical issues associated with the continued operation
of the DOE's Class A reactorsthose capable of operating at over
20 MW of thermal power (MWT). This report is a product of
the committee's efforts It focuses on the four remaining "defense
production" reactors operated by the Department for the purpose
of producing nuclear weapons material.

THE DEFENSE PRODUCTION REACTORS

N Reactor

N Reactor is situated on the Columbia River, within the Han-
ford Nuclear Reservation, in the south central part of the state

1
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of Washington. It is a pressurized, light-water cooled, graphite-
moderated reactor rated a 4000 MWT. Steam can be supplied to
turbine generators owned by the Washington Public Power Supply
System (WPPSS) to produce about 860 MW of electricity. Con-
struction of the N Reactor was authorized in 1958, and the reactor
began operation in 1963; it achieved its full power rating in 1964.

The reactor uses metallic uranium fuel clad with zircaloy to
produce weapons-grade plutonium. The fuel is held in horizontal
tubes and cooled by pressurized water. The zircaloy pressure tubes
containing the fuel rods pass through a large graphite moderator
stack.

The reactor safety systems include 84 horizontal boron-carbide
control rods that can be automatically inserted into the core in
one second; c backup system of boron-carbide balls (neutron ab-
sorbers) that can be released from hoppers above the core and that
fall into the core as a result of gravity; an emergency core cooling
system; a graphite and shield cooling system; and a confinement
system designed to vent pressures greater than 5 psig that are
expected early in any accident and then to filter any subsequent
releases of radioactive materials. The reactor is currently operated
by Westinghouse Hanford Company.

In recent safety reviews of the N Reactor, attention has been
focused on several key issues, including swelling of the graphite
moderator stack under neutron irradiation; embrittlement of the
pressure tubes under prolonged neutron irradiation and hydrogen
exposure; lack of means to detect and mitigate problems that coulda
result from concentrations of combustible gases that might be gen-
erated during an accident; performance of the confinement system
during an accident; and contamination of the environment by liq-
uid effluents released both routinely and in the aftermath of an
accident. Prior reviews of the N Reactor have also prompted DOE
to accelerate the performance of a probabilistic risk assessment,
a method that can be useful for analyzing some of the foregoing
concerns (see Chapter 2); that assessment is still in progress.

Savannah River Reactors

There are three Savannah River production reactorsdesig-
nated K, L, and Plocated on the Savannah River Plant site
in South Carolina, near the border with Georgia. The K and P
reactors are used mainly to produce tritium, while the L Reactor is
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currently only used to produce plutonium-239. A fourth reactor,
the C Reactor, was retired in January 1987, and a fifth reactor,
the R Reactor, was shut down in 1964. L Reactor was restarted
in 1985 after a 17-year hiatus. All of the Savannah River reactors
are low-pressure, heavy-water cooled and moderated reactors of
generally similar designeach with a maximum achieved power
of about 2800 MWT. The fuel in the Savannah River reactors is a
uranium-aluminum alloy clad in aluminum. Unlike the N Reactor,
the plants are not also used for power Troduction. Operation of
the first Savannah River reactor began in 1953, at a design power
level of about 300 MWT; the plants have been upgraded to the
current power level.

The changes in plant design that were necessary to achieve
higher power levels led to concerns on the part of the Advisory
Committee on Reactor Safeguards, especially with regard to the
emergency core cooling systems and the confinements. These
changes were reviewed at first on the basis of the military ne-
cessity of the plants. Later, the changes were modified according
to the need to adhere as closely as possible to the principle of
comparability of the safety of the production reactors with the
first corruner-ial reactors 'hen undergoing licensing.

The principal reactor safety systems of the Savannah River
reactors consist of 427 control rods that can be inserted in less
than two minutes; 66 additional safety rods driven by gravity that
can be fully inserted into the core in less than two seconds; a
backup neutron-absorbing liquid injection system that is designed
to be effective in 0.7 seconds; an emergency core cooling system
with three independent iced lines (a fourth addition line is being
installed in each reactor): and a confinement system with filters to
reduce radioactive release in the event of a severe accident. E.I. du
Pont de Nemours & Company has operated the Savannah River
Plant since the start of constructi: in 1950.

A number of safety issues has been identified at Savannah
River in recent DOE reviews. For example, although the Sa-
vannah River reactors have undergone extensive upgrading and
modification, they show definite and understandable signs of ag-
ing. One of the most serious aging phenomena affects the reactor
coolant system. Stress and corrosion have led to the formation
of cracks and pinholes at the location of weld-induced stresses.
Cracks in the reactor vessel caused C Reactor to be removed from
operation in 1985 and retired in 1986.

r -1
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Uncertainties regarding the efi zacy of emergency core cool-
ing during a hypothetical, worst case, loss-of-coolant accident,
including those identified by this committee, led to a 50-percent
reduction in permissible operating power level at the K, L, and P
reactors between November 1986 and March 1987. The ability of
the Savannah River confinement system to withstand pressures,
temperatures, and aerosol releases associated with a severe ac-
cident has also been called into question. Upgrades are under
development. Probabilistic risk assessments that evaluate more
severe accidents than those contemplated in the design of the
reactors are iso under way.

COMPARISON OF THE N REACTOR TO THE RUSSIAN
RBMK REACTOR

Press reports after the Chernobyl accident called attention to
a superficial similarity of the N Reactor to the Russia . RBW :
reactor (of which the Chernobyl plant is an example): both use
graphite as a neutron moderator, both use light water as a coolant,
and both were alleged to have similar confinement systems, which
allow a filtered release to the environment following an accident, as
opposed to the containment structures used by commercial nuclear
reactors, which are intended to limit releases to the leak rate of the
building. Many of these reports suggested that the two reactors
were susceptible to similar accidents. However, these suggestions
were misLading because they overlooked important differences
between the two reactor designs. "he following discussion shows
why the committee chose to approach N-Reactor safety in terms
of issues identified in the course of the study rather than in terms
of any real or apparent parallels with the Chernobyl reactor.

The physical layout naci 6esign of fuel and graphite in the
RBMK differ fundamentally from the layout and design of fuel and
graphite in the N Reactor. The RBMK is a boiling water reactor
(that is, under normal operating conditions steam is formed within
the fuel tubes), while the N Reactor is a pressurized water reactor
in which pressure is maintained at a level that precludes boiling
of the coolant within the reactor core under normal operating
conditions. The configuration of the graphite and fuel within the
RBMK leads to a so-called "positive void coefficient." That is, if
power increases for some reason, the reactor heats up and a greater
volume of steam is formed within the fuel tubes. This increased
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steam volume, or "voia ..1 the cooling water, causes power to
increase furthera potentially unstable condition. By contrast,
the configuration of the fuel and graphite in the N Reactor has
been designed deliberately so that should steam form within the
fuel tubes, the power of the reactor would decrease. As a result of
this design, there is an inherent stability in the operation of the
N Reactor that is not available in a reactor with a positive void
coefficient.

An intense fire at the Chernobyl reactor was caused by the
burning of the large graphite stack that was used as a moderator.
After the explosion that breached the Chernobyl reactor vault,
air was able to circulate through the reactor core and provide
oxygen that fed the fire, complicating efforts to bring the plant
under control and probably exacerbating the release of radionu-
clides to the environment. The graphite fire at Chernobyl had
no part in initiating the accident. It was a result of the extreme
conditions (high temperatures and air ingress) introduced by the
preceding, highly destructive thermal explosion. Notwithstanding
the problems exacerbated by the Chernobyl fire, the presence of
graphite in a reactor system can enhance reactor safety. Graphite
has a high heat capacity, which slows the rate of temperature rise
in the reactor core, thus mitigating the effects of some potential
accidents. Many possible severe accidents in graphite-moderated
reactors (but not those involving a reactivity excursion such as
that at Chernobyl) would be expected to develop slowly, allow-
ing time for remedial actions that can bring the accident under
control.

The Chernobyl reactor also relied solely on slow-moving con-
trol rods to control reactivity. Although these depended only upon
gravity to insert into the core, they were inserted against a counter
flow of coolant so that a full 9,0 seconds was required for a control
rod to move from the full-out to the full-in position. Moreover,
the control rod design of the RBMK is such that after the con-
trol rods have been fully withdrawn, subsequent insertion causes
reactivity first to increase slightly and it only decreases upon fur-
ther insertion. This initial reactivity addition further exacerbated
the reactivity excursion in the Chernobyl accident. By contrast,
insertion of the N-Reactor control rods does not lead to an initial
increase in reactivity, and the rods are driven in by hydraulic pres-
sure. The time for insertion from the full-out position is less than
two secondsa fraction of that at Chernobyl. In addition, the N
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Reactor has a secondary shutdown system of boron carbide balls
that in an emergency would drop into the reactor from hoppers
located above the core. The boron would absorb neutrons and halt
the chain reaction in the fuel. If this mode of shutdown were called
upon, the balls would drop to their final positions in less than two
seconds. The N Reactor thus has redundant control systems that
are much faster than those available in the Chernobyl design.

The containment of an RBMK, called an "accident localiza-
tion system," consists of several isolatable compartments, each of
which is designed to withstand the rupture of the largest pipe
in the compartment. This design contrasts with the containment
design used in power reactors in Western Europe and the United
States. Western-style containment structures surround the reactor
system with a single large volume, which is similarly designed to
withstand the rupture of the largest pipe within the volume. The
accident localization system of an RBMK is intended to limit the
release of radioactivity from the plant in the event of an accident by
retaining the radioactivity within essentially leak-tight volumes.
The accident localization system also prevents the spread of ra-
dioactive contamination within the reactor. During the accident
at Chernobyl, pipe ruptures were far more extensive than that con-
sidered in the design of the compartments of the RBMK accident
localization system. As would happen in any containment sub-
jected to loads well in excess of the design, overpressurization and
rupture of the containment resulted and led to massive releases of
radioactivity from the plant.

The confinement concept employed for the N Reactor (and
the Savannah River reactors as well) is quite different than the
containment concepts employed either in the Soviet Union or at
U.S. commercial plants. In the event of an accident, the confine-
ments deliberately vent the atmospheres surrounding the reactors.
The confinements do not then need to withstand prolonged high
pressures. The design basis accident assumes that the release of ra-
dioactivity will not accompany the early large increase in coolant
pressure and evolution of steam, so that the initial venting will
not release radioactivity to the environment. When the initial
pressure pulse has passed, the vent valves are designed to close
based on the reduction in pressure. Attenuation of the ensuing
radioactivity release can be accomplished because the venting of
the confinements is along pathways equipped to trap much of the
radioactive material in the atmosphere. Releases of radioactive
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noble gases are not ameliorated by the confinement systems, buz
catastrophic rupture of the confinements by over-pressurization
leading to wholesale release of all types of radioactive material is
thought by the contractors to be unlikely.

Nevertheless, an important issue remains. Loads that would
result from severe accidents at the production reactors could ex-
ceed those used as the design basis and the question is whether
such loads would cause the confinement function to fail. The
need for consideration of potential loads in very severe accidents
is discussed in Chapter 2 of this report.

Although the designs of American reactors are quite dissimilar
from the RBMK design, there are lessons from the Chernobyl ac-
cident that can be applied at all nuclear plants, including the U.S.
production reactors. Perhaps the most important lesson is that
a severe accident can occur unless design and operation are ap-
proached with care and integrity. The Chernobyl design revealed
inadequate consideration of severe accidents, and lack of vigilance
allowed direct violation of accepted safety practice by plant op-
erators and their supervisors. Another lesson of Chernobyl is the
importar le of understanding the mechanisms and consequences
of severe accidents. Operators must have this understanding or
they may induce an accident by violating rules they do not under-
stand. Although the accident mitigation systems and emergency
operating procedures normally in use at Chernobyl may have been
consistent with the design basis accident for the RMBK reactor,
the unavoidable fact is that an accident more severe than the
design basis did occur.

POSITIVE SAFETY FEATURES OF THE PRODUCTION
REACTORS

In addition to their relatively isolated locations, the Savannah
River and N reactors have certain design and operational char-
acteristics that stand out either because of their uniqueness or
because they are highly desirable from the point of view of min-
imizing both the likelihood and the extent of accidents. These
features provide a general background to the particular safety
issues raised in Chapter 2.

^J0
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The Savannah River and N reactors have been operated
for over 25 years. There is extensive operating experience with the
reactors.

Both the Savannah River and N reactors operate under
negative void and power coefficients (the latter refers to a decrease
in reactivity with an increase in reactor power). This makes for
more stable operation, simpler control systems, and resilience in
responding to increased power conditions should they occur.

In both types of reactors, the control mechanisms are de-
signed to enter the core in low-pressure regions. At Savannah
River, the reactors are operated at low temperatures and pres-
sures. At N Reactor, the control rods are inserted into the graphite
stack through cooling channels that are separate from the high-
pressure process tubes. This not only facilitates and accelerates
insertion of the control mechanisms but largely eliminates the po-
tential for events that could result in accidental ejection of those
mechanisms.

Both types of reactors have backup shutdown systems.
Each of the Savannah River reactors has a liquid (gadolinium
nitrate) injection system, and the N Reactor has a system of
boron carbide balls that makes use of gravity for insertion into the
core.

Both types of reactors have emergency core cooling sys-
tems that can be reliably activated. The Savannah River reactors
emergency core cooling systems are powered by diesel generators
that run continuously, and there is a virtually unlimited sup-
ply of cooling water. The N Reactor also has a highly reliable
power system for its emergency core cooling systemwith steam-
driven power generation and dieselsand is further protected by
a graphite cooling system (cooling tubes that run through the
graphite moderator at right angles to the pressure tubes). For to-
tally unprotected loss-of-coolant accidents, the large heat capacity
of N Reactor's large graphite moderator stack would delay any
long-term heatup.

The Savannah River reactors operate at much lower pres-
sure and temperature than either the N Reactor or commercial
power reactors. Consequently, their stored energy is significantly
lower and any sudden release of energy would be relatively less
damaging.
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These positive features should be borne in mind as the various
issues discussed in the subsequent chapters are examined.

ORGANIZATION OF THE REPORT

The report is organized in three main topics. Chapter 1 exam-
ines the overall DOE safety system, and the particular philosophy,
objectives, orders, and standards that govern the safety of the pro-
duction reactors. Chapter 2 addresses a collection of significant
safety-related technical issues. Chapter 3 assesses the manage-
ment structure through which DOE and its contractors pursue
safety. Throughout, the committee has sought to recommend ac-
tions that, if implemented, can provide a basis for establishing an
adequate safety system, for resolving urgent technical issues, and
for instituting a management arrangement that leads to indepen-
dent safety oversight of the defense production reactors.



1

The DOE Safety Framework

Safety results from the firm implementation of sound concepts.
Chapters 2 and 3 discuss technical and organizational aspects of
implementation; this chapter examines the conceptual foundation
of safety at the Department of Energy (DOE) reactors.

With respect to the production reactors, the DOE has estab-
lished safety system that consists of three major elements:

A safety objective,
Orders that prescribe the means for achieving the objective,

and
A process for ensuring and verifying compliance.

The committee concludes that DOE's conception and implemen-
tation of each of these elements is less comprehensive, understand-
able, and consistent than necessary to assure the continued safety
of the defense production reactors.

In addition, DOE production reactors have unique designs,
making incorporation of operating experience elsewhere a difficult,
and often impossible, task. This imposes a special burden on the
DOE safety system, as compared with the commercial industry
where there are multiple units of similar design, and requires a
high degree of technological excellence in the DOE and contractor
staffs. As described later in this report, the level of technological

10
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vigilance that these organizations are currently applying to the
assurance of safety is inadequate to the task.

THE SAFETY OBJECTIVE

Conclusion: The Department of Energy has not clearly articu-
lated, documented, and implemented a safety objective for the
operation of its production reactors.

The design, construction, and early operation of DOE's pro-
duction reactors preceded the establishment of commercial reactor
regulations. Moreover, the production reactors themselves differ
significantly from commercial power reactors in purpose, design,
and operational characteristics. These considerations have made
it impractical to adopt directly regulations established by the Nu-
clear Regulatory Commission (NRC) for application to the DOE
production reactors. Nonetheless, DOE has p "blicly embraced
the general objective of ensuring that DOE nuclear reactors are +,

least as safe as comparable NRC-licensed nuclear power plants.
Thus, the keystone of DOE's approach is "comparability"

the goal of making DOE reactors at least as safe as commer-
cial nuclear reactors. Comparability is the guiding philosophy for
DOE's Orders to its contractors and its procedures for ensuring
and verifying compliance. Nonetheless, the committee concludes
that comparability is at best an inexact guideline, so that the
safety achieved in practice at the DOE reactors cannot be clearly
related to commercial regulatory standards. It is important to
observe, in this connection, that the inability to compare safety
levels does not imply that the DOE reactors are unsafe.

The stated DOE objective of comparability with commercial
reactors emerged in the 1960sat the time of the development
of commercial reactor licensing. The Atomic Energy Commis-
sion (AEC) asked the contractors for the production reactors to
conduct safety analyses using the safety philosophy on which the li-
censing process was based. The purpose was to determine whether
modifications were needed in the production reactors to achieve
the same level of safety required of commercial-reactor license
applicants.

The safety philosophy that came to be used to oversee the
production reactors is similar to that used to regulate commercial
reactors. The central idea is "design-basis accidents," hypothetical

3 4
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scenarios used to establish design requirements and set operating
limits for the plants. These accidents were not defined as the most
severe accidents that could be envisioned, but rather were less
serious accidents that, although viewed as improbable, were con-
ceivable occurrences. A "single failure" criterion was also used in
assessing designs; a safety system was to be available to perform its
function even if one active component of the system was assumed
to have failed, in addition to whatever failures were assumed to
have initiated the postulated accident. The purpose of the single
failure criterion was to promote reliability by requiring redundancy
and diversity in systems that must mitigate accidents: either two
separate and independent systems of each kind or a backup system
capable of saving the reactor if the primary system were to fail.
The use of these principles in the analysis of the production reac-
tors, years after the plants were constructed, led to the installation
of backup safety systems and other safety equipment, which are
believed to augment significantly the safety of the reactors.

Today, the objective of comparability is included in DOE Or-
ders, in the Department's contract with Du Pont at Savannah
River, and in the contractors' safety analyses of the production re-
actors, as well as in evaluations by DOE headquarters and the field
organizations of contractor performance ir, selected technical ar-
eas. Furthermore, the DOE contractors have explicitly suggested
in safety analyses that levels of safety comparable to those attained
at commercial reactors have in fact been achieved at the DOE re-
actors. The DOE reactors are, however, quite different in design
and performance from the commercial reactors. In light of those
differences, it is extraordinarily difficult to provide a consistent or
clear specification at the engineering level of what comparability
means, nor of the methods to demonstrate that comparable levels
of safety are in fact being achieved. This may explain why the
committee received contradictory statements from DOE officials
as to whether comparability was actually the objective for these
plants. Because of these facts, perhaps the only way to clearly
specify comparable levels of safety is to use probabilistic estimates
of the frequency of core-damage accidents or the frequency of large
offsite releases of radioactivity. But neither of these can be calcu-
lated with sufficient confidence of accuracy to be of any actual use
to DOE or its contractors in making safety decisions at the pro-
duction reactors. Thus, although comparability has been a useful
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tool that over the years has motivated improvements in safety sys-
tems in the production reactors, it has not servedand perhaps
cannotas a clear safety benchmark.

DOE has not specified the levels of safety that must be at-
tained, and the concept of comparability is not sufficiently concrete
to provide adequate guidance in the absence of such a specification.
With no clear objective spelled out, judgments and interpretations
are made in a decentralized fashion. This has resulted in the arbi-
trary and inconsistent application of commercial standards at the
tsu production sites. For example, in order to demonstrate com-
pliance with the commercial reactor limits on radiation doses at
the site boundary during accidents, as reflected in the NRC's siting
criteria (10 CFR 100), assumptions must be made concerning the
hypothetical performance of the production reactor confinement
systems in preventing the release of radionuclides as compared to
commercial reactor containment systems. (The application of the
NRC site criteria to the Savannah River and N reactors is discussed
in Appendix H.) These assumptions have not Leen articulated and
examined in a systematic fashion. DOE needs either to clarify the
purposes for which 10 CFR 100 is to be used or develop a more
meaningful standard for assuring public health and safety.

There are other commercial standards for which the question
is not so much how the standards have been applied, but whether
they have been applied at all. For example, although DOE Orders
require the application of the NRC's general design criteria for
modifications to production reactor safety systems, the need to
comply with those criteria is contingent upon a determination by
DOE that safety would be significantly improved by such com-
pliance. It is unclear what process is to be used to make such a
determination. The recent DOE Design Review of the Savannah
River reactors compared the reactors against the NRC's require-
ments and found that the reactors do not meet several important
criteria.

In summary, there is no clear explanation of how compara-
bility is or should be used in the design, operation, and safety
review of the DOE reactors. The committee's interviews with
DOE and contractor personnel raise an even more fundamental
concern; those interviews indicate that the objective of attaining
comparable safety is neither consistently applied nor fully accepted
by DOE and its contractors. The confusion and disagreement over
the basic safety objective for the production reactors may help to
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explain why DOE and its contractors have been slow in developing
programs for upgrading these facilities to maintain safety margins,
and why they have been slow to address a range of issues related
to the potential for severe accidents. Furthermore, the commit-
tee was told in interviews that, in the past, the contractors have
pressed for safety upgrades that DOE has then rejected for bud-
getary reasons. In short, the safety objective is so imprecise that
it does not provide a means to establish whether improved safety
is needed nor does it illuminate how urgently the improvements
are required.

The committee does not take issue in principle with the goal
of comparability. As the idea is put into concrete form in DOE
Orders and in contractor behavior, however, the weaknesses of the
philosophy of comparable safety become apparent:

There are few quantitative standards to use.
Extensive discretion in the application of commercial stan-

dards is left to DOE staff and contractors. That discretion is not
subject to explicit guidance.

The committee recognizes, in addition, that objectives other than
comparability may be equally valid, including the promulgation
of quantitative safety goals, such as those adopted by the NRC.
Whatever safety objective is chosen, however, it is essential that
a practical and demonstrable system to implement that objective
be established. A logical framework of standards and safety per-
formance criteria must be instituted to ensure that the desired
level of safety is achieved and maintained. Any objective without
such a supporting framework will not provide a consistent basis for
decisions conceining production reactor design, modification, and
operation, and will, in our view, fall short of public expectations
for the safety of DOE's facilities.

Recommendation: The Department of Energy should clarify
its safety objective for operation of the production reactors.
The objective should be operationally meaningful to DOE and
contractor staff, and understandable to the public. It should
provide a clear foundation on which the implementation of
safety can be built.

DEPARTMENT ORDERS

Conclusion The Department of Energy has failed to specify
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clearly the safety requirements imposed by its Orders, has failed
to apply them uniformly at the two reactor sites, and has failed
to implement them in a timely manner.

DOE regulates the production reactors by promulgating Or-
ders that, as a result of contractual provisions, must be followed
by the contractors. Table :.1 presents a list of the main safety-
related Department Orders that currently apply to the production
reactors. (Each of these Orders is briefly described in Appendix
H.)

The committee finds significant ambiguity in many of the
Orders and a lack of vigorous and timely implementation. In
several instances the requirement in an Order refers to an NRC
or industry standard but is either so qualified or so ambiguous as
to raise doubt as to whether the standard is actually applicable.
For example, reactor personnel are required to meet the training
and qualification requirements of ANS 3.1 only "to the extent
appropriate." The relevant NRC regulatory guide "need only be
considered." Plant modifications only have to meet the NRC's
general design criteria if and when DOE determines that safety can
be "significantly improved." Contractors are required to document
technical specifications, but the technical specifications themselves
need only be "similar to those required for comparable facilities
licensed by the NRC. . . ." Although a DOE Order states that an
ANSI/ASME industry standard for quality assurance programs
". . . is the preferred standard for quality assurance," the order
elsewhere states that DOE encourages "the judicious and selective
application of elements of appropriate, recognized standards . . ."
for quality assurance programs.

DOE Order 5480.4 specifically addresses the question of stan-
dards. It defines five sets of industry codes as "mandatory environ-
ment, safety, and health (ES&H) standards" that DOE contractors
are required to meet as a matter of DOE policy, but only if and
when DOE determines that their application would increase safety.
The committee could find no formal documentation that such a
finding had ever been made. In addition, DOE Order 5480.4 lists
many "reference ES&H standards," which are described as "ref-
erences on good practice."' But the reference standards are not
prescribed for operation of the reactors and are not implemented
in a timely fashion by the contractors.

One instance of significant delay in application of standards
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TABLE 1 1 DOE Reactor Safety Orders

Order No Title
Date Iuued
or Revised

1300.2 DOE Standards Program 12/18/80

5480 7 Fire Protection of DOE Facilities 12/18/80

5484.1 Environmental Protection, Safety, and 8/13/81
Health Protection Information Reporting
Requirements

5500.2 Emergency Planning, Preparedness, and 8/13/81
Response for Operations

5500 3 Reactor and Nonreactor Nuclear Facility 8/13/81
Emergency Planning, Prepuedness, and
Response Program for DOE Operations

5500 4 Public Affairs Policy and Planning
Requirements for Emergencies

5480.4 Environmental Protection, Safety, and
Health Protection Standards

8/13/81

6/16/84

5000 3 Unusual Occurrence Reporting System 11/07/84

5480 1B Environmental Protection, Safety, and 9/23/86
Health Protection Program for DOE
Operations

5480 6 Safety of DOE-Owned Reactor. 9/23/86

5481 1B Safety Analysis and Review System 9/23/86

5482 1B Environmental Protection, Safety, and 9/23/86
Health Protection Appraisal Program

5700 6B Quality Assurance 9/23/86

relates to the environmental qualification of reactor electrical
equipmentthat is, documented assurance that electrical systems
are capable of operating for prolonged oeriods under potential ac-
cident and post-accident conditions. Environmental qualification
of equipment is a general design criterion for commercial reactors
(covered in 10 CFR 50, Appendix A), and was a "recommended"
DOE standard as ear:y as 1981. In 1984, DOE issued Order
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5480.4, upgrading the environmental qualification require.nent to
a "mandatory" standard. The contractor at the N Reactor then
hired the General Electric Company (GE) to assess the need to
environmentally qualify certain systems at N Reactor. GE sub-
mitted a report in March 1986 that stated that some systems
would need to be qualified to meet the applicable standards. The
contractor's current environmental qualification program has been
incorporated into the N-Reactor accelerated safety enhancement
program, but it will be several years at least before all of the equip-
ment in the plant can be reviewed to determine what needs to be
upgraded to meet the standard. Obviously, such delayed applica-
tion serves to limit the effectiveness of the standard in assuring
safety. In this case, however, there has been delay upon delay: a
delay of some seven years from the time the NRC passed its envi-
ronmental qualification rule to the time DOE issued its standard,
plus additional delay in implementing the standard after DOE
issued it.

The committee found several other indications that DOE does
not always vigorously ensure that all of the requirements imposed
by its Orders are implemented in a timely manner. In some cases
the Orders have not been implemented, apparently because of
limited staffing of the field offices. In other cases DOE's extension
of a formal waiver has allowed a delay in implementation.

For example, in 1977, the operating contractor for the N
Reactor suggested that a better system for the control of liquid
effluents was necessary, but DOE did not accept the UNC proposal.
However, on March 20, 1984, DOE issued an Order (DOE Order
5820.2) that stated, in effect, that a discharge of liquid effluents to
the sand cribs at the N Reactor was unacceptable. DOE directed
that:

Disposal operations involving discharge of liquid Low Level Waste
(LLW) directly to the environment or on natural soil columns
shall be replaced by other techniques such as solidification prior
to disposal or in-place immobilisation, unless specifically approved
by Heads of Field Organisations, in consultation with [DOE head-
quarters].

The Order is still not applied to N Reactor, however, because a
waiver was granted authorizing continued use of cribs. In light of
the $80 million to $100 million cost to upgrade the effluent control
system and the limited lifetime of the facility, it is possible that
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the waiver will be extended throughout the remaining life of the
reactor.

Recommendation: The Department of Energy should revise its
Orders to specify clearly the requirements imposed and dead-
lines for implementation. In addition, DOE and Congress
must provide adequate funds for implementation.

VERIFICATION OF COMPLIANCE

Conclusion: DOE headquarters has only recently undertaken
appraisals of field organization and co' tractor safety programs
that are comprehensive and related to the Department's safety
objective.

Prior to the Chernobyl accident, DOE headquarters appraisals
of DOE field organization and contractor reactor safety programs
were only infrequently conducted. For example, in the six years
prior to the Chernobyl accident, there were two headquarters
appraisals of reactor safety at Savannah River (in 1982 and in
1986, just before the accident) and only one at Hanford.

The extent of headquarters' inNllvement %,ith the DOE field
organizations and the contractors began to change with the ap-
pointment ot a new Secretary of Energy in 1985. One of the
Secretary's first acts was to request a review of the soundness of
the Department's ES&H programs. That review ultimately led
to the consolidation of the DOE's ES&H functions under a single
Assistant Secretary and to the initiation of what was expected to
be a short-term program of headquarters appraisals of the field
organizations and their nuclear contractors. These were to be di-
rected by the new Assistant Secretary and her staff. A schedule
for the technical se.:ty appraisals was drawn up in the months
preceding the Chernobyl accident.

The accident prompted DOE to accelerate its schedule of
appraisals and to organize teams of outside experts to conduct
additional reviews: separate design reviews of the Savannah River
and the N reactors; a special safety review of the confinement and
graphite features of the N Reactor; six independent reviews of the
overall safety of the N Reactor by a group of outside experts (the
so-called Roddis panel); and the review by this committee. Taken

41
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together, these reviews represented the first thorough and inde-
pendent evaluation of the production reactors since the breakup
of the AEC.

It is unclear what the future relationship between headquar-
ters and DOE field organization appraisals will be, or the extent
to which commercial standards for reactor design and operation
will continue to be used to provide criteria for evaluating contrac-
tor performance. Adequately sorting out the former will require
changes in organizational structure of the kind addressed by the
committee in Chapter 3, while the latter cannot be properly ad-
dressed until DOE establishes a meaningful safety objective and
the supporting standards to implement it.

Recommendation: The Department of Energy should conduct
comprehensive, high-quality audits of contractor performance,
including the use of substantive engineering analyses and rigor-
ous inspection procedures, on a frequent and continuing basis in
order to assure compliance with departmental orders. (Specific
recommendations on the organizational structure to enhance
the effectiveness of these audits are presented in Chapter 3.)

TECHNOLOGICAL VIGILANCE

Conclusion: 'fie age and unique designs of the DOE pro-
duction reactors demand high levels of technical capability in
operating, engineering support, and supervisory staff. Levels
of technological vigilance greater than those found in the com-
mercial nuclear industry are needed to reach comparable levels
of safety.

Rulet, goals, supervision, and evaluations of performance are
necessary but not sufficient to assure safety. The technical compe-
tence of workers in both operations and management, in addition
to their motivation and sense of responsibility, are essential as
well. The committee views these attributes as aspects of techno-
logical vigilance. In light of the unique characteristics of the DOE
production reactors, high levels of technological vigilancehigher
even than those found in the commercial industryare necessary
just to meet the objective of providing comparable safety.

There are two outstanding characteristics that place special
demands on the management and oversight of the DOE reactors.
First, the production reactors are older than most of the nuclear
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reactors currently in operation. Modifications to the reactors and
their control systems have made the DOE reactors safer than when
they were first constructed. But they are now more complex than
when they were new, and the complexity is inimical to safety in
ways that are not easy to delineate. The aging of components and
subsystems increases the likelihood of failures and places special
requirements on the reactors in the areas of maintenance and
testing.

Second, the uniqueness of the production reactor designs lim-
its the applicability of analyses and experience gained elsewhere
in the nuclear industry. For this reason, the experimental and
analytical results necessary to determine reactor performance un-
der accident conditionswhich are now being developed by DOE
contractorsneed to be comprehensively and carefully reviewed.
The difficulties encountered in verifying the performance of emer-
gency core cooling systems at Savannah River (discussed in Chap-
ter 2) illustrate the problem well.

In the committee's view, DOE and its contractors can only
become a standard-bearer in the field of reactor safety through
sustained, onsite development of reactor safety technology. In
particular, methods and analytical techniques that are at least
comparable in technical sophistication to those used in the com-
mercial industry need to be developed and utilized in conjunction
with rigorous peer review.

Fostering high levels of technological vigilance at the defense
production reactors requires a combination of high degrees of tech-
nical expertise and effective management. Some degree of contrac-
tor staff expansion may be required to conduct the additional an-
alytical and experimental work needed to assure the safety of the
reactors. Moreover, given dm. overshadowing of DOE personnel by
contractor staff at both Savannah River and Hanford, as discussed
in Chapter 3, augmentation of the DOE staff is recommended.

Recommendation: The Department of Energy and its contrac-
tors should develop an expanded in-house capability to address,
evaluate, and achieve an in-depth understanding of the techni-
cal issues associated with the safety of the production reactors.
Methods and analytical techniques that are at least comparable
in technical sophistication to those used within the commercial
nuclear industry should be developed and used. The analyses
and supporting tests needed to support this effort should be

4J
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comprehensive in scope and should be subjected to thorough
outside peer review.

NOTE

1 Prior to 1984, DOE made a distinction between "prescribed"
and "recommended" standards similar to the later one between
mandatory and reference standards. The earlier distinction was
as ambiguous with regard to applicability as the later one.
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Technical Issues

In the course of its study, the committee identified a number
of technical issues that should be resolved in order to improve the
safety of the production reactors. These issues, the topic of this
chapter, are listed in Table 2.1. Some of the issues relate to design-
basis accident considerations, but the majority arise principally
from a consideration of more severe reactor accidentsaccidents
involving disruption and melting of reactor fuel.

The committee recognizes, of course, that in more than 30
years of operation there have been no severe accidents at the
defense production reactors. Yet despite the largely satisfactory
operating experience of these plants, concerns remain about the
possible behavior of production reactor safety systems should an
accident occur. The issues are of two kinds. First, there are
issues relatii, to safety equipment, such as whether emergency
core cooling or confinement systems would operate as intended
in an accident. Second, there are issues relating to operation
of the production reactors, and, in particular, whether a severe
accident could inadvertently be triggered and whether the staff
would respond properly to a severe accident if it were to occur.

Few industries are judged by their ability to handle severe
accidents. Commercial aviation, commercial nuclear power, the
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TABLE 2.1 Technical Issues Covered in Chapter 2

Acute aging phenomena
Maintenance and plant modernisation
Power operating limits
Probabilistic risk evaluation
Severe accident evaluation
Confinement systems
Hydrogen generation and mitigation
Cermet fuel
Human performance
Liquid effluents
Emergency planning

nuclear weapons complex, and, implicitly, defense nuclear materi-
als production are nonetheless held to this standard. In light of the
widespread public concern resulting from the Chernobyl accident,
and because of its considerable experience in commercial reac-
tor safety regulation, the committee has stressed severe-accident-
related issues in its examination of the production reactors. The
reader should recognize that a committee with a different make-up
could well have focused on different topics. In that connection, the
committee wishes to emphasize that attention to severe accidents
cannot in and of itself assure the safety of the production reac-
tors and must not be allowed to detract from programs with more
immediate benefitsnamely, those programs essential to manag-
ing, operating, and maintaining the production reactors so that
accidents do not occur in the first place.

ACUTE AGING PHENOMENA

Conclusion: The production reactors all display symptoms of
acute aging that could affect safety and are likely to limit the
useful lives of these reactors.

The Savannah River reactors were built in the 1950s, and the
N Reactor began operation in 1963 Both reactor types are old and
are beginning to experience life-limiting, material aging brought
on by irradiation and corrosion. The contractors operating the
production reactors are well aware of these acute aging problems
and have introduced a variety of measures to cure or mitigate
the aging processes. Summary descriptions of the acute aging

4 6
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problems are presented below. Further details are provided in
Appendix D.

Savannah River Reactors

Stress corrosion cracking of the stainless steel piping system
ar:::.' re. -or tank is the most acute aging problem facing the Sa-
vannah River reactors. To avoid corrosion of the aluminum-clad
fuel, the Savannah River reactors operate with a deuterium ox-
ide coolant that is mildly acidified and contains a relatively high
level of dissolved oxygen. In this chemical environment, the reac-
tor's high-carbon content stainless steel is susceptible to oxygen-
induced, intergranular stress-corrosion cracking in the regions of
welds. The significance of cracking is that cracks may be suscepti-
ble to unstable growth that could lead to catastrophic rupture of
the coolant system.

Cracks were detected in a particularly susceptible "knuckle"
region of the C-Reactor tank in 1967. Since then, the Savan-
nah River contractor has upgraded the inspection program at the
Savannah River reactors to detect further cracking.

A satisfactory repair process for cracking detected in piping
systems is simply to replace the affected piping. Repairing cracks
in a reactor tank presents a more challenging problem. In 1968
patches were welded over the cracks in the C-Reactor tank, but
leaks were detected in the heat affected zones of these welds in
1984. These leaks are probably the result of the accumulation
of helium bubbles in the metal of the reactor tank wall, arising
from neutron irradiation of the steel and subsequent radioa:tive
decay to yield helium. Since the welds were at locations on the
tank that experienced low neutron fluences and, consequently,
had relatively low accumulations of helium, welds susceptible to
stress-corrosion cracking in other regions of the reactor tank, where
neutron fluences and helium accumulations are higher, would be
expected to be even less easily repairable by welding. Replacing
the C-Reactor tank has been deemed infeasible. At the end of
1986, in the e'vence of effective methods to repair the cracks, the
C Reactor was retired from service.

The P, K, and L reactor tanks at Savannah River are also
susceptible to stress corrosion cracking, although, to date, no such
cracking of the tanks has been observed. The Savannah River

4
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contractor has developed an operating procedure based on "detect-
before-fracture" and "leak- before- break" philosophies. That is,
extensive surveillance of susceptible regions of the coolant system
is being conducted to identify cracks or flaws. Calculations based
on conservative applications of elastic-plastic fracture mechanics
are conducted to determine the size beyond which growth would be
unstable under normal operating stresses or abnormal emergency
conditions.

The committee believes the "detect-before-fracture" Pleak-
before-break" operating philosophy for the Savannah River reac-
tors is likely to succeed because the reactors operate at low pres-
sure, with modest stresses on the susceptible regions even under
abnormal conditions. (This is also the judgment of outside con-
sultants hired by the contractor.) The contractor is handicapped
in applying this procedure because only visual identification of
cracking in the vessel can now be performed. This is because of
the unique design of the Savannah River reactors, which does not
lend itself to the ready use of uhrasonic testing equipment that
has been designed for use in light-water reactors. The committee
believes that the contractor's efforts to develop ultrasonic crack
detection methods suited to the Savannah River reactors are to
be encouraged, as are the contractor's continued efforts to develop
technology for repairing cracks in the reactor tanks. Without
such repair technology, all of the Savannah River reactors may
eventually have to be retired from service due to stress corrosion
cracking.

N Reactor

Two acute aging problems beset N Reactor. Both are brought
on by the prolonged irradiation of reactor materials over the life
of the reactor. Radiation damage is causing the high fluence
regions of the graphite moderator to expand. Because the expan-
sion is nonuniform, it places stresses on the process tubes and
the graphite cooling tubes interspersed throughout the graphite
moderator. The fracture of four cooling tubes has been attributed
to stresses on the tubes caused by the offsetting movement of ad-
jacent stacks of graphite. The expansion of the graphite is also
distorting the horizontal control rod channels and the vertical
channels for the boron carbide ball scram system. At the same
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time, the process tubes are being embrittled by exposure to ra-
diation. The embrittlement is augmented by zirconium hydride
formation, which enhances stress at the location of cracks, making
the metal less fracture resistant. Gouging of the distorted pro-
cess tubes during fuel insertion provides opportunities for crack
formation and subsequent failure of the tubes. In sum, graphite
expansion is placing stresses on hardware within the N-Reactor
core at a time when irradiation-induced embrittiement is making
the metal components that reside for long periods less able to
withstand these stresses.

Expansion of the graphite will reach a critical juncture when
the moderator comes into contact with the reactor vault's biolog-
ical shields. The Department of Energy has indicated that when
this happensand it is expected to occur sometime between 1991
and 1996N Reactor will be retired.

In the meantime, the contractor operating N Reactor is de-
veloping a program to monitor the graphite growth and to assess
the deterioration of the fracture toughness of the hardware in
the core. Although the procedures that the contractor intends to
use to monitor process-tube embrittlement seem well founded, the
committee questions whether the application of these procedures
is sufficiently extensive. Initial plans called for the destructive,
metallurgical and strength testing of only 4 of the 1003 process
tubes in the N-Reactor core, and nondestructive testing of only
about 5 percent of the tubes. There are four distinct types of
tubes in the reactor core, resulting from the use of three different
manufacturers and two levels of cold work on one manufacturer's
tubes. Radiation effects on the tubes vary from location to lo-
cation as well as varying with the method of tube manufacture.
As a result, the initial surveillance plan was almost certainly too
limited to yield a proper statistical representation of multivariate
effects. Recently, indications of surface and subsurface flaws in
N-Reactor process tubes have been found using eddy-current and
ultrasonic techniques. This has resulted in extending the number
of nondestructive examinations to 152 tubes, including complete
examinations of all tubes in the class of tubes with the most nu-
merous indications of flaws. Comparison of results obtained with
nondestructive techniques to results obtained by destructive ex-
aminatiuns indicates that the nondestructive techniques yield low
estimztes of the length and depth of larger flaws in the tubes. As
a result, the contractor has decided (1) to remove any tube which
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by nondestructive methods is indicated to have a flaw deeper than
0.1 inch (the process tube wall thickness is 0.275 inches), (2) use
analyses to assess the growth rate and acceptability of flaws less
than 0.1 inch deep, (3) remove a total of six process tubes for
destructive examination, and(4) continue to update and improve
nondestructive examination techniques and analysis models.

The contractor does not now plan 100 percent nondestructive
examination of the process tubes. The committee believes that 100
percent examination may be worthy of consideration in light of the
frequency of flaw .ndications in the process tubes examined to date,
uncertainties in the reliability of nondestructive techniques for
indicating flaw sizes, and uncertainties in the growth and behavior
of flaws.

The contractor has also suggested a variety of methods both
to ameliorate the effects of graphite expansion and to slow the
rate at which it is occurring. The expansion rate can be slowed by
flattening the neutron flux distribution throughout the N-Reactor
core so that radiation damage is accumulated at a slower rate
across a greater volume of graphite. This will, of course, involve
changes in the neutronics of N-Reactor operation and will require
extensive analysis (for example, of xenon oscillation effects) prior
to implementation. The contractor is aware that flattening the
flux distribution increases the power density in the outer portions
of the core where the graphite cooling system is least effective. For
this reason, the contractor is currently assess;-ig the implications
of the flux-flattening program for the analysis of those severe
accidents that are mitigated only by effective graphite cooling.

Slowing the rate of growth of the graphit moderator will not
preclude a range of potential problems. Ent anced methods of in-
service inspection of the least accessible regicmis of the graphite
will be increasingly important in detecting any unexpected local
distortions or graphite damage.

The expansion of the graphite is also distorting the horizontal
control rod channels and the vertical channels for the boron carbide
ball scram system. The committee carefully reviewed these effects.
The backup boron carbide ball scram system has an excellent
margin for reliable operation in the face of the distortion of the
channels, and the contractor has taken steps to assure that the
functioning of the control rods is not impaired by the graphite
distortion.



28

Summary

The production reactors are old facilities and despite a variety
of costly upgrades that have been implemented over the years, a
number of acute problems related to their material aging cannot be
avoided. The need to address these problems requires substantial
allocation of contractor and DOE resources. One source of the
current difficulties is the lack of planning in the past to provide
for a safe, continuing production capacity. Within the coming
decade that failure .could result in the nation having to rely upon
a small number of aged production reactors that demonstrate
serious safety problems, but with no other facilities ready to take
their place to meet the nation's security needs.

Recommendation: The remaining useful life of the four pro-
duction reactors is likely to be equal to or shorter than the time
needed to authorize, fund, design, and build new facilities to
produce special nuclear materials, particularly in light of the
status of the N Reactor. If the United States finds it neces-
sary to have a reliable and safe capability for the production of
strategic nuclear materials, then planning for new production
reactors or other alternatives should be accelerated.

MAINTENANCE AND PLANT MODERNIZATION

Conclusion: The increasing needs for maintenance and plant
modernization brought on by the aging of the production reac-
tors are not being met by the existing programs.

Programs of corrective and preventive maintenance at both N
Reactor and Savannah River appear in need of comprehensive up-
grading in order to ensure that maintenance of the production re-
actors is adequate. The need for improved maintenance planning,
procedures, and systems and better crafts training of maintenance
personnel was identified in several post-Chernobyl reviews of the
production reactors. These recent calls for improved maintenance
echo quite similar comments on production reactor maintenance
made following the accident at Three Mile Island, notwithstanding
substantial progress since then.

Two philosophies for the maintenance of nuclear facilities are
widely recognized. in one philosophy, maintenance is devoted to
the repair or replacement of systems and components that have
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failed or that have fallen in performance below some minimum
acceptable standard. A somewhat more sophisticated applica-
tion of this maintenance philosophy uses projection techniques to
forecast minimal operability conditions in order to guide the main-
tenance effort. The second, far more conservative philosophy of
maintenance is based on continually reestablishing the safety and
operational margins of systems and components whether or not
these have become demonstrably defective. That is, the original
performance margins of the plant, rather than minimal operat-
ing criteria, provide standards for maintenance. Because nuclear
plants are subject to complex interactions between and among
plant systems, and because of the ongoing evolution in nuclear
facility safety standards, this second, more conservative philoso-
phy is particularly suited to aged facilities such as the production
reactors.

Over the last several years, DOE's contractors have formu-
lated plans for upgrading the Savannah River reactors and the
N Reactor. All of these plans are of relatively recent vintage
and were formulated to remedy problems that developed during a
protracted period when little of the budget was available for main-
tenance and modernization. The most important of these plans
are as follows:

1. Productivity Retention Program for N Reactor.
Initiated in 1984, this program is to be complete in 1992. It

involves primarily rehabilitation of pumps, valves, and boilers and
the upgrading of obsolete instrumentation.

2. Productivity Assurance Program for N Reactor.
The program plan for this work, written in 1985, addresses

extension of the useful life of N Reactor. Now part of the Ac-
celerated Safety Enhancement Program, it consists primarily of a
surveillance effort to monitor aging phenomena, such as process
tube embrittlement and graphite expansion.

3. Savannah River Facilities Upgrade Study.
This program was the forerunner of, and has a very similar

thrust to, the Productivity Retention Program at N Reactor.
4. Improved Confinement Facilities for SRP.

This program is an effort to upgrade the confinement at the
Savannah River reactors. The principal focus of the project is to
enhance the noble-gas retention capability of the confinement.

Though the stated motivation for the above plans is the
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reestablishment of plant safety margins, it is clear that these plans
have been formulated within the context of the first philosophy of
maintenancecorrection of demonstrably defective components.
Funding limitations have prevented these projects from constitut-
ing comprehensive, systematic maintenance and modernization
programs. For example, in the case of the Savannah River re-
actors the funding requested for the facilities upgrade initiative
amounted to only 1 percent of the estimated replacement cost of
the facilities. Consequently, as noted explicitly ill the plan. only
the most urgent maintenance and upgrading needs were addressed.
Similarly, the plan developed for the N Reactor explicitly notes
that it addresses only systems currently experiencing failures or
projected to degrade seriously by the mid-1990s.

Extraordinary maintenance efforts are needed at the produc-
tion reactors. The number of unresolved reactor incidents at the
Savannah River reactors has been steadily increasing over time,
as shown in Figure 2.1. In 1983, there were 130 such unresolved
incidents and by 1986 the number had risen to over 250. The
number of so-called recurring incidents (an incident that happens
at a rate in excess of 8 over a two-year period) has also increased.

One of the most striking examples of the need to modernize
is shown by the refueling practices at N Reactor. During refuel-
ing workers are routinely sprayed with radioactively contaminated
water. Though the workers are equipped with protective clothing,
the refueling procedures in use are antiquated and should have
been discontinued years ago. Since 1983 approximately $6 million
has been allocated for the development of remote, automated re-
fueling equipment. Because of several false starts at engineering
the equipment, alternative means of refueling the reactor are still
not available. That remote, automated refueling equipment has
not been developed and incorporated in a timely manner is symp-
tomatic of the more general failure to modernize properly the N
Reactor.

Over the years the Savannah River contractor has developed
engineering responses to a range of maintenance and moderniza-
tion needs identified at the plantfrom surveillance programs that
respond to the discovery of cracking problems, to the development
of computer systems for automatic backup shutdown capability.
The committee found, however, that the process employed in de-
signing, funding, prioritizing, and engineering these activities leads
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FIGURE 2.1 Backlog of unresolved reactor incidents (RIs). Reactor inci-
dents at Savannah River are classified by Du Pont into five categories on the
basis of their safety significance: (A) "incidents with serious consequence"
(none of these has occurred); (B) "incidents with significant consequence
or hazard potentials; (C) *incidents with remote hazard potential"; (D)
`conditionally significant incidents' (which may indicate generic or recurring
problems or design deficiencies); and (E) "incidents with no safety potential.'
The backlog of unresolved reactor incidents plotted in this graph involves
incidents in categories B, C, and D. From 1981 through 1985, the distribution
of these incidents remained approximately the same (12% Bs, 32% Cs, and
56% Ds).

to long delays in implementation. For instance, unwanted control
rod motion caused by obsolete vacuum-tube amplifiers in control
rod mechanisms is a problem that has been recognized for years,
but remains uncorrected. More generally, the current backlog
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of unimplem rated capital equipment projects at Savannah River
includes some that date back more than five years, and schedules
for completing recently proposed projects extend into the mid-
1990s.

In 1986 the Reactor Safety Advisory Committee for the Savan-
nah River reactors recommended that the backlog of maintenance
activities be corrected before the problem became unmanageable.
Over the first three months of 1987, extraordinary measures were
introduced at Savannah River to reduce the maintenance back-
log and to prevent the maintenance workload from growing faster
than the work could be done. These efforts reduced the number of
unresolved reactor incidents, though the number is still in excess
of 200. The urrent standdown of the N Reactor has been similarly
useful in permitting completion of outstanding maintenance work
at Hanford.

Maintenance and modernization efforts, as described in the
plans for N Reactor and Savannah River, appear to be directed
principally at ensuring continued operation of '.,he plants. Al-
though the plans do cite public safety as one in tivation for the
work, it is unclear how public risk reduction or risk aversion is
lactored into the setting of priorities :or the work. Cost-benefit
analyses of modernization efforts at N Reactor currently consider
loss of production and loss of revenues from steam sales. While
risk of the loss of °per,. tion and the risk of radiation exposure to
workers are considered, public risk posed by a poo.iy maintained
and modernized plant does not enter explicitly into the computa-
tions. Public risk ought to be an explicit factor in making decisions
about modifying the plants.

Recommendation: Maintenance pia nni tg, procedure improve-
ments, and system training should emphasize the special prob-
lems inherent in operation of these aging !.eactors. DOE and its
contracto?s should undertake systematic analysis of aging with
increased emphasis on preventive mantel r.ce and replace-
ment of old components with new technology, where appropri-
ate, in order to forestall in-service failures Lnd to reestablish
the safety margins of the facilities. Avoidance or reduction
of risk should be explicitly considered in the identification and
prioritization of maintenance and modernization efforts.

55r-t;
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POWER OPERATING LIMITS

Savannah River

Conclusion: Based on preliminary analysis of the significant
power derating that was put into effect during the course of this
study, DOE and the contractor believe there is a reasonable
expectation that the emergency core cooling system will prevent
core damage in the hypothetical case of a loss-of-coolant ac-
cidea. However, the potential for and consequences of early
core heatup caused by flow instability in the first few seconds
of the accident remain to be explored.

Conclusion: Adequate resources hove only recently been devoted
to developing a thoroughly documented understanding of the
behavior of the reactors in a loss-of-coolant accident.

In 1979 the Savannah River contractor obtained experimental
data in an attempt to quantify the power levels that might lead
to dryout (loss of cooling capability in fuel assemblies) during op-
eration of the emergency ccre cooling system (ECCS). By 1981
the contractor had come to recognize that 6e 1979 experiments
were suspect with regard to adequately representing certain im-
portant physical phenomena. Between 1981 ar ' 1986 staff of the
Savannah River Laboratory engaged in re-. ; the work and
conducting new experiments. This work esta ed that during a
loss-of-coolant accident, dryout might occur at significantly lower
power levels than previously believed. In late November 1986, the
contractor notified DOE of the uncertainties associated with the
effectiveness of the ECCS, and thereafter the allowable upper lim-
its on operating power of the three Savannah River reactors were
lowered by approximately 20 percent.

In February and March of 1g87, the committee reviewed t' e
available evidence and notified the Secretary of Energy that there
were insufficient technical data to demonstrate that the ECCS
performance of the Savannah River reactors could be assured,
even at the reduced power levels (see Appendix C). Based on this
report and subsequent reviews, the Department further reduced
the power limits of the reactors to approximately 50 percent of tli
original level.

Dryout in the Savannah River reactors is controlled by counter-
current flow limitations (CCFL) in the coolant channels. This can
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be explained as follows. Normal coolant flow in the Savannah River
reactor cores is downward. During a loss- A-coolant accidenta
term of art that refers to a design-basis accident in which the
largest pipe that carries cooling water is assumed to breakthe
coolant flow is reduced. For a given low rate of flow, the decay
power level can be high enough that it leads to steam produc-
tion that in turn can interfere with the downward flow of coolant
through the core. The recent data indicate that the power level
at which CCFL occurs may not be very far above the point of net
vapor production (the point where the power is sufficient to heat
the water to its boiling temperature).

The problem of CCFL is complicated by the magnitude of
boiling and condensation effects in the small coolant channels of
the Savannah River fuel assemblies. In addition the parallel chan-
nel configuration of the assemblies is a critical factor in .. Although
CCFL phenomena have been studied in a variety of different set-
tings and for both nuclear and nonnuclear applications, the ge-
ometry of Savannah River fuel assemblies is sufficiently distinctive
that the applicability of this past work is severely limited.

Even the most recent experiments at Savannah River are not
fully prototypic because the geometry of the test rig is different
from the geometry of the full assemblies. This shortcoming has
required the establishment of power limits that are low enough to
prevent any bulk boiling during a loss-of-coolant accident. The
viability of this approach is still contingent upon a quantitative
understanding of the flow distribution among the assemblies and
within themthat is, whether, under the conditions of interest, all
channels receive an adequate amount of coolant from the ECCS.

An additional complication is the need to show that smooth
(quasistatic) emergency coolant flow will be quickly established
following the flow instability -nd associated boiling of the liquid
coolant in the core within the first few seconds of a postulated
loss-of-coolant accident. These early phenomena during a loss-of-
coolant accident are a consequence of depressurization of the inlet
plenum, which causes the reactor coolant to flash . steam within
the fuel assemblies, leading to two-phase (liquid and gas) flow in
the core. The two-phase flow exhibits a much larger hydraulic re-
sistance to flow than single-phase (water) coolant. Consequently,
subsequent flow results in flow instability, which is exacerbated by
the flow decaying faster than the power in the first few seconds
of the accident Here, too, parallel channel effects that may cause
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coolant to bypass individual channels are critical to an understand-
ing of the reactor behavior. At present, for the Savannah River
loss-of-coolant accident, there is an inadequate understanding of
coolant boiling, heatup, and flow dynamics.

The Savannah River contractor has recently developed an ex-
tensive program to modify the reactors and to improve the exper-
imental and calculational basis for demonstrating the adequacy
of system response to a loss-of-coolant accident. The program
includes addition of a fourth emergency cooling feed line in all
three Savannah River reactors, modifications to the fuel and tar-
get assemblies, and various improvements in the experimental and
computational data base to Support the analysis of loss-of-cooling
conditions. The contractor plans to install the fourth additional
system in the L Reactor by November 1987 and in the K and P re-
actors by November 1988. A summary of the contractor's program
to restore full power operation is included in Appendix C.

Recommendation: The Department of Energy should ensure
that before restoring full power operation at Savannah River it
satisfies itself, on the basis of a rigorous external review, that it
has a thorough understanding of the behavior of the Savannah
River reactors in a loss-of-coolant accident.

N Reactor

Conclusion: A thorough understanding of the behavior of N
Reactor in a major loss-of-coolant accident does not exist. Cur-
rent understanding is based on the dated evaluations reflected
in the Safety Analysis Report of 1976. Several past attempts
to apply state-of-the-art tools have failed, largely because of
numerical difficulties that are now being resolved.

Emergency core cooling system capability associated with a
variety of loss-of-coolant accidents was reassessed in the 1976 edi-
tion of the N Reactor Safety Analysis Report. A slightly modified
version of a computer code developed for application to commer-
cial reactors (RELAP4) was used in these assessments. The most
severe case resulted in computed fuel temperatures of approxi-
mately 1400°F, at the time that coolant reflood (recovery of core
flow) begins. This is only about 400°F below the temperature at
which fuel failure would be expected.
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Core heating in the N Reactor during a loss-of-coolant acci-
dent is determined by a number of factors, including (1) the time
required for depressurization (blowdown) to the pressure level at
which the ECCS can be actuated and (2) the flow pattern of
coolant in the core during this time. The most damaging breaks
in the system would be expected to occur in the cold leg of the
primary coolant loop. This is especially true for break sizes that
result in an early flow stagnation (loss of flow because of closure
of check valves in the cold-leg riser). In these cases, the blowdown
time would be prolonged, and the core temperature would reach
high levels.

This physically intuitive view is supported by the RELAP4
computer code results, but there is a need to reassess the cooling
capability over a range of accident scenarios, break sizes, and
locations. There are also some special aspects of the calculation
that require further evaluation.

1. The RELAP4 code is based on a simplified treatment of
two-phase flow (homogeneous equilibrium). This may be adequate
during the early stages of blowdown, but this approximation be-
comes progressively inappropriate as the system empties and loses
pressure. The impact of this inaccuracy has not been quantified
for the N-Reactor piping system. A 1964 test has been cited is
a benchmark for validation of the computer code, but the mea-
surements of transient pressures and blowdown rates in that test
contained large uncertainties. The value of the test as a benchmark
is further in question because it was an adiabatic test (that is, no
heat transfer occurred because there was no secondary coolant and
no nuclear power in the core).

2. The RELAP4 code, as used in these calculations, had
additional simplifications that are not present in more up-to-date
computer codes. For example the whole reactor core was treated as
a single flow channel. Similar simplifications were also employed in
representing other volumes in the system. This approach can lead
to analytical errors in predicting conditions in localilled regions
and consequently to errors in blowdown rates. Further uncertainty
is introduced by the use of an empirically determined discharge
coefficient that is constant in time. The validation experiments
performed for the RELAP codes are more applicable to commercial
reactors than to the distinctive horizontal geometry of the N-
Reactor core. As a result, the time-dependent parameters such as
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discharge coefficients may not provide a good characterization of
N-Reactor depressurization.

3. In many of the calculations the predicted core flow is highly
oscillatory. It was initially thought that this result was a conse-
quence of the particular numerical representation of check valves
in the cold-leg riser, but more refined calculations failed to resolve
this apparent numerical difficulty. It is unlikely that the existence
of local numerical instabilities in the analysis would necessarily in-
validate the entire blowdown calculation, but the difficulties may
be based on real phenomena and should be resolved. Furthermore,
if these calculated oscillations are only resolved through numerical
means, unrealistically high predictions of core cooling rates may
result. The reported results of the calculations were not suffi-
ciently detailed to allow the committee to assess this aspect of the
problem.

4. The reported calculations did not analyze the postulated
accident into the period of reflooding, and some calculations were
stopped even earlier, apparently because of numerical instabilities.
Preliminary attempts, using an advanced version of the same com-
puter code (RELAP5), also exhibited instabilities. This difficulty
has only recently been overcome and studies are continuing. It is
important to recognize that there are physical reasons for expect-
ing condensation-driven flow and pressure instabilities to occur.
In fact, an indication of these phenomena was observed in venturi
meter data acquired from the hot dump test of 1964. These insta-
bilities must be examined even though they are difficult not only
because of the need to develop an understanding of the overall
hydrodynamic behavior of N Reactor, but also because they raise
the possibility of intense water hammer events which could affect
the structural integrity of N-Reactor pressure tubes.

The safety analyses performed for hypothetical loss -of- coolant
accidents in the N Reactor have focused on large break accidents
because the contractor believes these present the most severe chal-
lenge to the emergency core cooling and confinement systems.
Since small-break loss-of-coolant accidents are much more likely
to occur, it is important to assure that adequate protection is
provided for these accidents as well. In the event of a small break
in the reactor coolant piping, valves ea Z. designed to open, which
would depressurize the system, in effect turning small-break acci-
dents into large-break accidents. The committee believes that spe-
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cial consideration should be given to small-break accidents in the
ongoing probabilistic risk assessment (PRA) in order to evaluate
the likelihood of multiple failures which would prevent depressur-
ization and to estimate the potential consequences of these types
of events.

Recommendation: A thorough understanding of the ...vhavior
of N Reactor in a major loss-of-coolant accident should be
urgently developed. This understanding should be based on
state-of-the-art aaalytical tools, and these tools should have the
ability to analyze potential thermal shock and water hammer
phenomena. The use of these tools should be accompanied by
rigorous quality assuran'e of the computer codes, as well as
experimental validation of the results, particularly with respect
to the distinctive horizontal geometry of the N-Reactor core.

PROBABILISTIC RISK ASSESSMENT

Conclusion: The risks associated with operation of the defense
production reactors are currently inadequately un lerstood; ef-
forts to evaluate those risks by probabilistic risk assessment
methods are still in their early stages.

The DOE him been slow to undertake PRAs for the production
reactors. The committee finds this fact disturbing, in light of the
time that has paused (12 years) since the publication of the NRC's
Reactor Safety Study. Additionally, more than a dozen utility-
sponsored PRAs have peen completed on commercial reactors
while the DOE and its contractors have only recently begun studies
for DOE reactors. The principal value of the PRA lies not in the
calculation of bottom-line probabilities of severe accidents but in
the acquisition of engineering insights into ways to improve plant
safety.

PRA studies are frequently divided into three levels of de-
tail and completeness. Level 1 PRAs are iimited to calculating
the probabilities of accidents that involve significant fuel dam-
age. Level 2 PRAs also include estimates of the timing, type, and
amount of radioactive materiak released from the plant. Level 3
PRAs include calculations of risks to public health and of economic
consequences 3f radionuclide r-lease.
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The general methods of analysis used to perform a Level 1
PRA are independent of the type of reactor being analyzed and
have become well developed over the past dozen years. Bowyer,
the prediction of severe accident behavior, as required to perform
a Level 2 PRA, involves methods of analysis that are plant-design
dependent. As discussed in the section on severe accident analysis,
these methods are not well advanced for the production reactors.
Although a Level 2 PRA can be performed with crude methods
of analysis, the uncertainties in the estimated risk will be large.
Nevertheless, the results can be used as an aid to decisionmaking if
the uncertainties are characterized and considered. The extension
of a Level 2 PRA to a Level 3 PRA does not involve substantial
additional effort.

At the request; of the DOE, Los Alamos National Laboratory
is undertaking Lev el 1 PRAs for the production reactors at both
sites. Preliminary results for the N Reactor were provided to the
committee. These studies are not sufficiently advanced to use as a
basis for decisionmaking at this time.

Additionally, both contractors have agreed to perform Level 3
PRAs for their plants. Each is currently performing a Level 1 PRA
and developing the methods for a Level 2 analysis. Because the
development of the Level 2 methods will require substantial time
and will delay the completion of the PRA, the committee suggests
that, as a parallel effort to the computer-code based approach that
is now being pursued, Level 2 analyses should be performed with
simple physically based models. This would permit early insights
to be obtained and would provide a physical understanding of
the severe accident processes that must be included in the code
analyses.

The committee strongly supports the PRA efforts that are
being undertaken for the production reactors. We encourage the
completion of these studies as expeditiously as practical. The
committee also believes, however, that the quality of the PRAs
must be high in order to aid in decisionmaking. Some aspects
of a state-of-the-art PRA that are essential to a credible product
include the following:

Iudependent peer review,
Use of site- and plant-specific data,
Extensive involvement of plant operators,
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Analysis of external accident-initiating events (e.g., earth-
quakes),

Analysis of common-cause failures, and
Characterization of the uncertainties in the estimated risk.

Recommendation: The Level 1 and Level 2 PRAs currently un-
der way for the Hanford and Savannah River reactors should
be completed and subjected to peer review as expeditiously as
possible. Their results should be used to evaluate plant modifi-
cations that can reduce the assessed risks and to identify and
evaluate research to reduce uncertainties. DOE and its con-
tractors should recognize, however, that the principal benefits
of the production reactor PRAs will not derive from the acci-
dent probabilities that are calculated, but from the engineering
insights that normally accompany the development of these
tools on a plant-specific basis.

SEVERE ACCIDENT EVALUATION

Conclusion: The existing level of understanding of severe ac-
cident behavior for the production reactors is inadequate to
permit a realistic assessment of the effectiveness of these de-
signs in mitigating the consequences of severe accidents.

Information on the severe accident behavior of the produc-
tion reactors is critical. The Adm'Aistration and the Congress
face important decisions about the future of the production re-
actors which will be difficult to make in the absence of essential
information regarding the specific risks of these plants and their
effectiveness in mitigating severe accidents. Level 1 probabilistic
safety studies of the plants have only recently been undertaken.
Extending these probabilistic safety studies to an analysis of pub-
lic health consequences (the so-called Level 3 PRA) will require a
capability to analyze severe accident behavior. As noted, such a
capability does not now exist.

Severe Accident Behavior

Improvements were made at the production reactors in opera-
tor training and control room operations as a result of the lessons
learned from the accident at Three Mile Island. Similar improve-
ments were made in the commercial reactor industry, but in the
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commercial industry these improvements were complemented by
major research efforts to understand commercial power reactors
under hypothetical severe accident conditions. Programs to un-
derstand hypothetical severe accidents at the production reactors
took far longer to get organized and were on a much smaller scale.
Prior to Chernobyl, DOE and its contractors continued to rely
principally on design-basis accident analyses performed in the late
1960s and early 1970s. These analyses focused on exceedingly un-
likely, large-break loss-of-coolant accidents which were considered
to be "worst case" or so-called "maximum credible accidents."
The attention given these accidents by the DOE contractors is
similar to the attention given them by the commercial reactor
industry prior to the introduction of more comprehensive prob-
abilistic risk assessment techniques. As a result, the production
reactors have been designed, constructed, and modified in order to
cope with the events accompanying these "worst case" accidents.
DOE and its contractors have given much less attention, however,
to more probable accidents such as those involving small breaks
in the coolant system or accidents involving multiple or "common
mode" equipment failures. In sum, throughout the early 1980s the
level of understanding of severe accident phenomena for the pro-
duction reactors remained roughly comparable to that available to
the commercial reactor industry in 1975.

The Chernobyl accident reinforced the principal lesson of
Three Mile Island that accidents more severe than the design
basisaccidents that were often considered "incredible" in the
pastcould indeed occur. Although a limited external review of
the N Reactor in 1982 and the ongoing response to Three Mile
Island at Savannah River in 1984 had engendered programs to
reassess the potential for severe accidents at the production reac-
tors, these initiatives were small in scale and low in priority. Since
Chernobyl, these programs have been expanded and accelerated.

The program at N Reactor is an exclusively analytical effort
initiated in October 1986. Some program elements are to continue
through 1989, but most of them are to be completed in 1987.
Analyses of severe accidents are to be performed using older com-
puter codes that were developed for the production reactors and
with modified codes developed for analyses of commercial reactors.
The program is to include reexamination of hydrogen generation
and hydrogen behavior, estimation of fission-product release from
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degrading fuel and the subsequent behavior of the fission prod-
ucts, examination of accidents involving events other than rupture
of main coolant pipes, and more up-to-date analyses of accidents
considered in the N-Reactor safety nalysis report. There are, in
addition, analytic efforts in support of ongoing probabilistic safety
studies and analyses of reactivity transients aid neutronic effects.

The program now being planned at Savannah River is a more
comprehensive effort. Current plans call for a program lasting
about four years. Major elements in the plan include development
of an integrated computer code system to model the progression
of hypothetical severe accidents in the Savannah River reactors.
There are also plans to develop information and data to support
these modeling efforts, particularly in the areas of two-phase flow
phenomena, radionuclide release and transport, energetic events
such as hydrogen combustion, fuel-coolant interactions and inter-
actions between core debris and concrete, reactor operability, and
equipment response to severe accident conditions. This program
complements an ongoing effort to upgrade the confinements at
Savannah River.

Although the analysis of severe reactor accidents at the pro-
duction reactors should utilize, wherever possible, the substantial
technology developed for commercial reactor safety studies, it is
important to recognize that the production reactors are quite
different from commercial reactors. As a result, the production
reactors would be expected to behave differently under severe ac-
cident conditions. The application of computer codes developed
for commercial power reactors to the unique circumstances of the
production reactors, therefore, presents major difficulties. Exper-
imental data that reflect the unique features of the production
reactors are necessary to validate the models and computer codes
being used to analyze potential severe accidents but are currently
unavailable.

There have bean no severe accidents at the production reac-
tors. Still, such acticients cannot be ruled out. A 1985 review of
the Savannah River power system, conducted at a time when con-
striction activities then in progress affected the availability of the
system, revealed extraordinarily high probabilities for complete
loss of power to the reactor areas. The committee does not know
the current reliability of the power system, but the earlier report
is sufficiently extraordinary to raise concerns. The consequences
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of the toss of reactor powerstation blackoutis being considered
in the contractor's PRA.

Areas of severe accident behavior for the production reactors
that need investigation include all the phenomena known to be
important to an understanding of hypothetical severe accidents
in commercial reactors. Among the critical areas that require
examination are the following:

1. Thermal Hydraulics The behavior of coolant flows in the
production reactors is discussed elsewhere in this chapter in con-
nection with the discussion of limits on maximum operating power.
Similar uncertainties in the behavior of coolant flows exist with
respect to the more drastic conditions that would occur during
severe accidents.

2. Thermal Shock A related phenomenon ofconcern is ther-
mal shock. The committee believes that the pot--tial for brittle
shock fracture of overheated process tubes during degraded emer-
gency core cooling injeztion needs to be mon; thoroughly consid-
ered for the N Reactor, especially in light of the age of many of
these tubes and the existing uncertainties about the extent of flaws
and cracking.

3. Radionuclide Release Assurance that the confinement sys-
tems of the production reactors will sufficiently mitigate the ra-
diological consequences of a severe accident cannot be provided
without knowing the extent and nature of radionuclide release
from the fuel. Yet safety analyses of the production reactors have
been based on antiquated estimates of radionuclide release that the
little experimental data available have shown to be invalid. More
recently, in order to accommodate the latest data on radionuclide
release from Savannah River fuel, the Savannah River contractor
has changed the mode of operation of the Savannah River reac-
tors, placing the emergency spray systems on continuous standby.
The committee believes that while this is a useful measure, more
thorough, integrated analyses need to be done in order to assure
that sprays in the reactor room will sufficiently attenuate the more
extensive raciionuclide release it is now believed could take place
if a severe accident were to occur at the Savannah River reactors.

4. Fuel Damage Progression The evaluation of fuel melt-
ing in a severe accident raises a number of complex questions
relating to the progression of melting and the behavior of the
melted material. The data bases available on melt progression
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for the production reactors are quite limited, and data obtained
for commercial reactor fuels are wholly inapplicable. It has been
established that uncertainties in the melt progression phase of a
hypothetical severe accident affect predictions both of hydrogen
generation for the N Reactor and of core debris interactions after
expulsion from the Savannah River reactor vessels. The predicted
course of an accident at N Reactor would be radically altered if
the assumptions made concerning melt interactions with process
tubes are inaccurate.

5. Hydrogen Generation Hydrogen generation has proven to
be a major issue in the analysis of severe accidents in commercial
power reactors. The principal source of hydrogen in commercial
reactors (with oxide fuel) is steam oxidation of fuel cladding. In
the production reactors not only will the cladding react with steam
but the fuel itself will react to form hydrogen. At N Reactor, the
graphite moderator block can also react with steam to form both
hydrogen and carbon monoxide. Despite these many potential
sources of hydrogen, analyses done to date for the production
reactors have indicated that little hydrogen would be produced.
These results have been criticized in several previous reviews of the
N Reactor. The committee also has questions about these findings
and believes a more definitive validation of the calculations on
which they are based is warranted. (See the discussion on hydrogen
generation elsewhere in this chapter and in Appendix G.)

6. Radionuclide Transport and Behavior in Containment The
accident analyses performed for the production reactors have
largely ignored radionuclide deposition within the reactor coolant
system and have assumed about a 50 percent deposition of iodine
within the confinement. Analyses for the N Reactor have assumed
a very high decontamination of evolved gases by the confinement
sprays. These assumptions have not yet been verified. By adopt-
ing these assumptions, the contractors have obviated the need
to analyze possible delayed revaporization of deposited radionu-
clides that might result in the delayed release of radioactivity to
the environment if revaporization were to occur at a time wh?n
confinement capabilities are degraded. These are issues that have
recently assumed some importance in the analysis of hypothetical
severe accidents in commercial power reactors and deserve more
thorough consideration for the production reactors.

7. Behavior of Core Debris Once It Leaves the Reactor Vessel
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The uninterrupted progression of a severe accident at the Savan-
nah River reactors would result in debris being expelled from the
reactor vessel. Understanding the ensuing interactions between
core debris and concrete has become important in safety analyses
of commercial power reactors because of the potential fur gener-
ating combustible gas and radionuclide release. At the Savannah
River reactors, available data do not adequately address the ques-
tion of interactions between concrete and the unique core debris
mass that would be expected to be formed in a severe accident.
Potential interactions between reactor fuel and coolant once the
fuel leaves the reactor vessel is another issue that deserves more
refined analysis at Savannah River. These interactions migilt be
highly energetic, if not explosive, in nature and even nonexplosive
interactions could serve as sources of combustible gas, confinement
overpressurization, and radionuclide release.

8. Confinement Loading The confinement structures sur-
rounding the production reactors were not designekl to be ro-
bust like the containment3 surrounding commercial power reac-
tors. The committee is concerned that the production reactor
confinements may be vulnerable to rapid pressure pulses. Such
pressure pulses need not be shock waves such as those produced
by combustible gas detonation or fuel-coolant interaction. Pres-
sure pulses of only a few pounds per square inch could result in
rupture of the confinement filters and the direct discharge of fis-
sion products from the plant (see the discussion on confinement
elsewhere in this chapter). Such pressure pulses could arise as a
result of hydrogen combustion or interactions between molten fuel
and coolant.

The committee believes that a substantial and time-consuming
effort would be required to conduct a severe accident research
program that fully responds with the necessary high degree of
credibility to the issues enumerated above. If N Reactor is to
be shut down in five years, or shortly thereafter, it would not
be reasonable to undertake a significant and costly program of
analytical modeling and experimental validation. Such a program
would require three to five years to complete and thus might
be completed too late to provide any benefit. Comprehensive
severe accident analyses for the Savannah River reactors will be
similarly costly and time-consuming. But, as discussed below,



the committee believes such a program should be undertaken at
Savannah River without detizy.

There is a clear need in the near term to obtain a more ad-
vanced understanding of the production reactors under hypothet-
ical severe accident conditions. A more advanced understanding
of severe accidents is essential to support current efforts at both
sites to extend probabilistic risk assessments from Level 1 to Level
3 studies and to develop meaningful descriptions of the Jks posed
by the production reactors. Reduction in risk is a critical factor
in establishint, priorities for upgrading the reactors. Currently a
range of hardware changes, including the hydrogen mitigation sys-
tele_ at N Reactor and changes in the confinements of the Savannah
River reactors, have been proposed and are being implemc. ;,ed.
Superior understanding of the physical and chemical phenomena
that can arise in Severe accidents is needed in order to ascertain
if these modifications provide sufficient reductions in risk and to
make sound decisions on the need for any further hardware changes
in the reactors.

It is not at all clear to the committee that a sufficiently credi-
ble understanding 1 f severe accident phenomena can be obtained
in the near term by applying computer codes developed for com-
mercial power reactors to the production reactorsthe . pproach
adopted for the N Reactor. It may be more useful to devise new,
simpler models that reflect the peculiarities in the designs and
the physical phenomena that can arise in the production reactors
than to adapt mod is developed for commercial nuclear reactors.
This would at least permit a limited understanding of the poten-
tial severe accident vulnerabilities of the reactors and provide the
foundation for a more integrated treatment of risk, along the lines
o the long-term program planned for the Savannah River reactors.

Regardless of the approach adopted for analysis of severe ac-
cidents, however, it should be recognized that the results will
be subject to significant uncertainties. Substantial reductions in
these uncertainties can only be achieved based on the results of
programs of pi ototypic experimentation. This means that in the
near term, in lieu of those results, lai,;e safety margins will have
to be employed both in systems design and operat g limits.

The committee recognizes that tile ratior 1 choice of a strat-
egy for severe accident evaluation hinges on assumptions about the
remaining life of the production reactors. It is conceivable that a
decision to shut dow . the existing production reactor however
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aged they may be, could continue to be deferred by the
tratioil and the Congress. This raises the possibility that a deci4ion
to employ simplified models and to defer or eliminate a substan-
tial program of severe accident research now could turn out to be
shortsighted. Accordingly, decisions on reactor life and the need
for alten ative production capability should be confronted without
delay. In this respect, the situation facing DOE at Hanford is quite
different from the situation at Savannah River.

Power Excursion Accidents

One severe-accident scenario that requires prompt evaluation
at Savannah River relates to the possibility of a runaway power
excursion like that at Chernobyl. Severe accidents that would re-
sult in the melting of fuel and the release of radioactive material
would originate from an imbalance between the power generated
in the reactor fuel and the heat removal capacity of the available
coolant. Such an imbalance might develop either because the abil-
ity to remove heat from surface A the fuel has been degraded
(for example, by reduct' in coolant flow or loss of coolant), or
because too much pow. !las b-en generated in the core (such
as from inadvertently wit I, ig the cortrol rods from the re-
actor). Because the Chernot,j. accident involved the latter type
of conditiona rapid insertion of positive reactivitythe com-
mittee examined the characteristics of the production reactors to
assure that similar reactivity accidents could not dev slop in these
plants. It was the development of a large, positive, re activity feed-
back effect that made the RBMK reactor fundamentally unstable
and was one of the major contributors to the Chernobyl accident.
Once steam bubbles were formed in the coolant channels of the
RBMK reactor, the interaction between higher power and more
steam bubbles resulted in an increase in power, leading to a violent
excursion.

As r ,ted elsewhere in the report, the production reactors
do not have positive reactivity characteristics of this type, and
the potential for Ruch a major increase in power under normal
operating conditions does nc.t appear to exist. However, in 1958
melting experiments performed on Savannah River fuel tubes in
the SPERT reactor in Idaho led to the identification of a potential
mechanism by which positive reactivity insertion could occur in the
Savannah River reactors in a severe accident. Particles released
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from molten fuel might be carried upward into the moderator
space in the reactor plenum after being swept from the degraded
core, producing a positive reactivity effect.

Subsequent analyses in 1979 indicated that actuation of ei-
ther the primary scram system or the computer-controlled backup
scram system, which injects a liquid poison into the core to control
reactivity, would be adequate to prevent the propagation of fuel
melting for reactivity accidents initiated by the complete blockage
of a Savannah River fuel assembly. However, if both systems were
to fail, melting could be induced in neighboring assemblies by the
combined effects of increased power and flow instability. Further-
more, calculations showed that if the blockage occurred in a target
assembly of exceptionally high reactivity, even the operation of
the backup system might not be adequate to prevent propagation
of fuel failures and a potential runaway power excursion.

In a recent DOE technical safety appraisal of the Savannah
River reactors it was recommended that analyses be made of the
"potential recriticality from a molten fuel mass slumping to the
tank bottom." Although the committee recognizes that the prob-
ability of such an event may be remote, it feels that more attention
should be given to the potential for reactivity addition in severe
accidents at both production reactor sites.

Recommendation: Near-term decisions on changes in the de-
sign and operation of the production reactors aimed at reducing
severe accident vulnerabilities must rely on simple models and
substantial safety margins. At each of the sites the Secretary
of Energy should make a prompt and realistic assessment of
the length of time the existing reactors are to operate. If there
is a significant probability that the lives of these reactors will
be extended beyond the next few years, the Department of En-
ergy should commit to a significant program of severe accident
model development and validation. Data from the program
should be applied in a continuing reexa.nination of the risk of
severe accidents and a review of the design and operation of
the plants.

Recommendation: DOE should ensure that the ongoing PRAs
at both sites examine the risk of accidents involving reactivity
addition and failure to scram, paying particular attention to
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the potential for common mode failures involving both the pri-
mary and backup scram systems or other potential anticipated-
transients-without-scram (ATWS) type accidents. The design
basis of the backup scram system at Savannah River should be
reviewed against the results of the PRA analyses when they
become available.

CONFINEMENT SYSTEMS

Conclusion: There are significant uncertainties in the abilities
of production reactor confinements to mitigate radionuclide
releases that would be ezpected to occur during severe accidents.

Production reactors differ from U.S. commercial nuclearpower
plants 'n that they use confinement systems rather than reactor
containments as barriers to the release of radionuclides. A reactor
containment is designed to retain both gaseous and particulate
radionuclides within a nearly leak-tight volume. Release of both
gaseous and particulate radionuclides would be possible, however,
if the containment volume were breached during an accident. Con-
finement systems, by contrast, are designed to control the flow of
effluents produced during reactor accidents at substantially lower
pressures so that these effluents would pass from the system along
prescribed pathways that are equipped to attenuate the release
of the more noxious radionuclides. If the system were to operate
as designed in the event of an accident, it would allow the re-
lease of some gaseous radionuclidessuch as xenon, krypton, and
tritiumbut would prevent catastrophic confinement failure and
the unattenuated release of other radionuclides.

There is no compelling evidence that mere adoption of the
containment concept would substantially improve the safety of
the production reactors. The committee concludes that in theory
the confinement approach -.an be an acceptable means for mitigat-
ing accidents. The committee has some difficulty, however, with
the way the confinement concept has been implemented at the
production reactors. Two issues are of immediate concern:

The ability of mitigation systems (i.e., filters and sprays)
to perform adequately during severe accidents, including the ca-
pability of the confinement filters to withstand loads developed
during severe accidents; and
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The incompatibility of the confinement philosophy with
the discharge of liquid effluents, especially following an accident.

A summary descrit 'ion of the first concern is presented be-
low. More detailed dis..ussions are to be found in Appendix B.
The issues arising from the discharge of liquid effluents from the
production reactors are discussed elsewhere in this chapter and in
Appendix E.

At the Savannah River and N reactors, mitigation of radionu-
clide releases during accidents is provided by filtration systems
composed of the following components:

Demisters,
High-efficiency-air-particle (HEPA) filters, and
Charcoal beds tt, absorb iodine.

These systems have been designed based on calculations of the
release of radionuclides from degrading reactor fuel. (The calcula-
tions were not mechanistic; that is, they do not include dem iptions
of the actual mechanism of radionuclide release.)

Research performed in connection with commercial nuclear
power plants, as well as recent studies of radionuclide release from
the Savannah River reactor fuel, show that the source term as-
sumed in the design of the confinement system may be greatly
underestimated. For example, there may be greater releases of
radionuclides In the form of aerosol particles and this greater mass
of aerc.aol particulate is not ac ,unted for in the calculations. Fur-
ther.nore, the design of the confinements may not accommodate
the iage quantities of nonradioactive aerosol particles that might
be produced in an accident. The filters used in the production
reactor confinement systems are efficient at trapping radioactive
particles, but they are quite limited in the total amount of partic-
ulates they can trap. If challenged in a severe accident by large
quantities of particlesquantities far in excess of the filter-design
capacitythe filters could overload and rupture, leading to unat-
tenuated escape of radionuclides subsequently released from the
fuel.

In addition, the pressure drop that can be withstood by the
filter systems is not large about 0.5 psig. Thus, the filters can-
not be counted on to do their job unless the contractors' accident
analyses demonstrate that there would be no pressure pulses suf-
ficient to rupture the filter systems. Such analyses have not been
completed. (In this connection, see the discussion of hydrogen
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generation and mitigation elsewhere in this chapter and Appendix
G.)

Fog sprays are used in the N-Reactor confinement to augment
the attenuation of radionuclide releases from the plant should
there be an accident. The contractors' analyses suggest that more
than 98 percent of the aerosol suspended in the confinement at-
mosphere after an accident would be trapped by these sprays and
would not reach the filter system. These analyses assume large
aerosol particle sizes (5 and 15 pm). Particles this large would
be entrapped by spray droplets, whereas smaller aerosol parti-
cles would be inefficiently captured. The analyses are also based
on single-compartment, contained experiments rather than on the
more realistic multicompartment, "once-through" flow system of
the N-Reactor confinement, with nonuniform spray coverage. The
committee is aware of no demonstration that under realistic acci-
dent conditions the spray system would be as efficient as assumed
in the N-Reactor safety analysis.

A fundamental assumption of the N-Reactor confinement sys-
tem design philosoihy is that, after an accident, release of radioac-
tivity from the fuel occurs only after the depressurization of the
reactor coolant system has been completed. Ga 3es released to +he
confinement during reactor coolant system depressurization would
be vented to the environment without filtration. Once depressur-
ization had occurred, flow from the confinement would be filtered.
Clearly, such a system is only effective 'n attenuating releases of
radioactive materials to the environment if the initial depressur-
izat:on is in fact completed before radioactive materials enter the
system. Within the context of a Level 2 or Level 3 probabilistic
risk assessment, a spectrum of sev're accident sequences should be
examined to determine whether :here are scenarios in which acci-
dent timing could permit a significant unfiltered release to occur
during initial depressurization. One such scenario might involve
fuel melting while the reactor coolant system is still pressurized so
that radioactive materials are released before the confinement sys-
tem has been vented. Further preventive actions will be necessary
if the likelihood of these scenarios is found to be substantial.

Recommendation: The Department of Energy should demon-
strate whether the confinement systems at the production re-
actors have the capabilities (1) to withstand realistic accident

p`l
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loads, and (2) to provide acceptable attenuation of realistic
radionuclide releases in the event of a severe accident.

HYDROGEN GENERATION AND MITIGATION

N Reactor

Conclusion: A concept for hydrogen mitigation has been devel-
oped for the N Reactor tha involves forced mixing to prevent
deflagrabk hydrogen concentrations from developing, monitor-
ing of hydrogen concentrations at key points within the con-
finement, and exhausting and inerting the confinement atmo-
sphere. The committee's overall assessment of the approach
is favorable. However, there are aspects of the underlying
analyses and potential limitations of the proposed system that
deserve careful evaluation.

The Department of Energy plans to install a hydrogen mitigation
system in N Reactor by December 1987. This mitigation system
will be based on several analyses currently under way. In A pril
1987, DOE asked the committee to review the Department's idans
for providing additional hydrogen mitigation capabilities at N Re-
actor and to provide comments on the Department's approach to
the hydrogen mitigation issue. The committee has responded to
this request in a separate letter report to the Secretary of Energy
that is reprinted in full in Appendix G and excerpted here:

"The protection of the public in the event of a severe accident
at the N Reactor depends on i'aintaining the integrity of the
reactor's confinement systemthe safety system that is designed
to attenuate the release of fission products in the event of an
accident. Because the confinement has not been designed for
and is unlikely to be able to withstandhydrogen burns of any
significant size, it is important that combustible concentrations
of hydrogen be prevented within the confinement, except in very
localized areas near the hydrogen source.

"In order to evaluate this issue, the contractor for the facility
has conducted a series of analyses in which certain defined releases
of hydrogen were assumed to occur in a number of locations within
the confinement. The results of theft analyses indicated to the
contractor that, for the assumed rate and quantity of riydrogen
released, there art only two location.: in the confinement where
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combustible limits could be achievedthe pipe-barrier space and
the pressurizer-penthouse area. In other areas of the building, the
contractor predicted that mixing would be sufficient to prevent a
flammable concentration from being reached.

"The contractor further concluded that even if a burn were
initiated in the pipe-barrier space, the increase in pressure would
be dissipated in the larger volume of the confinement building
and the confinement function would not be defeated. In order to
mitigate the potential problem in the penthouse and to provide
additional protection from the release of hydrogen in a severe
accident, the contractor has developed a concept for a hydrogen
mitigation system. The proposed concept is intended to satisfy
four basic functional requirements:

Provide adequate mixing between subcompartments of the
building to assure that burnable concentrations of hydrogen do
not accumulate.

Monitor hydrogen concentrations at various locations with-
in the building.

Fill the confinement with inert gas after the initial release
of steam to assure that burnable compositions are precluded in
the long term.

Provide an exhaust system to displace air to support the
inerting function and to establish a lower pressure in the building
than outside the building, thus preventing outleakage through the
walls and bypass of the filter system.

"The first function is to prevent burnable concentrations of
hydrogen. The second function provides information to plant staff
that could be useful for identifying and mitigating severe accident
situations. The latter two functional requirements could be just
as important in that, if properly implemented, they could provide
a margin of protection in the event that releases of hydrogen are
greater than the assumed hydrogen source.

"The contractor considered alternative approaches .o hydro-
gen mitigation. Preinerting and distributed ignition systems,
which ale methods for hydrogen control used in commercial re-
actors, were found not to be appropriate for the N-Reactor con-
finement system. The initial venting of the building atmosphere
that occurs in the proper operation of the confinement system
would defeat any preinerting system, and the confinement might
not be able to withstand pressure pulses that could occur with

I .1. - - I
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a distributed ignition system, particularly for accidents involving
large releases of hydrogen. This latter conclusion is consistent
with the observation of pressure rises of many pounds per square
inch in tests of ignition systems performed by the Electric Power
Research Institute in a large-scale facility at the Nevada Test Site.
Within the bounds of reasonable cost, there is no apparent pre-
ferred alternative to the concept proposed by the contractor.

"The committee's overall assessment of the general approach
to hydrogen mitigation is favorable. In indicating its agreement
with the general approach to hydrogen mitigation at N Reactor,
the committee is not rendering a judgment as to the adequacy of
the proposed system. Any judgment as to the adequacy of the
system must be guided not only by an assessment of the general
approach, but also by careful analyses of the system under various
hypothetical accident scenarios, evaluation of a detailed design,
and construction and operation in compliance with appropriate
safety standards. Because the analysis is only at a preliminary
stage, the committee'a review addresses only the first of these
necessary factors.

"The basic strategy of forced mixing to remove the potential
for hydrogen pockets, monitoring of hydrogen at key points within
the confinement, and the activation of an inerting/exhaust func-
tion appears to be sound. Indeed, the approach may provide a
margin to accommodate some uncertainty relating to the amount
of hydrogen generated in an accident. However, as discussed fur-
ther below, there are aspects of the underlying analyses and certain
potential limitations of the proposed system that deserve further
careful evaluation.

"The principal aspects of the approach that merit further
study or improvement may be briefly summarized as follows:

The system design is premised on a specific accident sce-
nario. In the committee's view, the predicted performance of the
mixing and inerting systems should be examined for a broader
spectrum of accident scenarios and release rates for hydrogen.
For example, the assumption of the continuing operability of the
Graphite and Shield Cooling System (GSCS) in the event of an
accident needs a thorough examination, particularly an terms of
any possible degradation of the GSCS in an accident.

In the course of examining a broader spectrum of accident
scenarios and hydrogen release robes, the contractor should extend
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the mixing calculations to address localized mixing and combus-
tion. In addition, the contractor should examine the geometric
configurations near possible release points in order to assure that
localized concentrations of hydrogen do not permit local detona-
tion that could challenge the confinement or other safety systems.

The capability of the filter system to withstand the loading
of aerosols in an accident should be reviewed, and if necessary, the
capability of the system should be upgraded.

The survivability of vital sensors and mitigation equipment
shoule be assessed. The equipment must be capable of operating
in severe-accident environments characterized by wide variations
in thermal-hydraulic, radioactive, and inert aerosol loads, and high
radiation fields.

The increased discharge of radioactive noble gases to the
environment in the event of an accident, because of the operation
of the forced exhaust system, should be examined. While oper-
ation of the proposed hydrogen mitigation system is expected to
decrease the risk of failure of the confinement due to detonation
or deflagration in an accident, and thus to decrease the risk of
catastrophic radiation release, the exhaust of radioactive noble
gases would also result in potential increases in whole-body doses
to persons outside the plant. Thus, means should be investigated
to assure satisfaction of the dose limits of 10 CFR 100 without
relaxing the speed with which inerting takes place. Such an in-
vestigation should take into account recent research that shows
that the actual quantity and chemical form of the fission products
released in a severe accident would be quite different from the
source terms commonly assumed in such analyses in the past."

Recommendation: The committee has recommended that its
concerns be addressed in the development of a detailed design to
implement the proposed approach to hydrogen mitigation. The
detailed design should be subjected to an independent review
before adoption.

Savannah River

Conclusion: The improved confinement system currently un-
der development at Savannah River may cause a buildup of
hydrogen in the event of a severe accident.

Plans are under development at the Savannah River reactors
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for an improved confinement system that would be capable of
trapping noble gases and tritium during a severe accident. The
committee is concerned that the overall risk of the Savannah River
reactors could be inadvertently increased by some of the changes
required to make the improved confinement system operate. With
the existing system, the rate of airflow from the reactor room would
be so high that the rate of hydrogen production during an accident
would have to be very large to permit hydrogen concentrations
that would reach flammable limits that could damage confinement.
With the improved confinement system, however, most of the air
would be recirculated and only a small flow, 2000 cfm, would be
exhausted through the filter system to the environment. While
this increases the ability of the confinement to retain noble gases
and tritium, it also means that the system would permit hydrogen
concentrations in confinement that would be substantially higher
than those allowed in the current configuration.

The trade-off between mitigation of noble gas and tritium
release and increasing the likelihood of a hydrogen combustion
event that could disable the filter system must be weighed very
carefully.

Recommendation: The proposed improved confinement system
at Savannah River should be reviewed to evaluate the potential
benefits and added risks of the proposed system, particularly
with respect to the enhanced possibility of hydrogen-combustion
events.

CERMET FUEL

Conclusion: The cermet fuel being con.2.idered by the Savan-
nah River contractor may be susceptible to exothermic reaction
under accident conditions. The contractor is currently inves-
tigating the composition and behavior of the fuel to determine
whether such a reaction is precluded by reconstitution of the
fuel during the manufacturing process.

Over the last several years, the Savannah River contractor has
been developing a ceramic-metal composite (or cermet) fuel (U308
particles dispersed in an aluminum matrix), as an alternative to
the current fuel, which consists of a uranium-aluminum alloy clad
in aluminum. The committee is concerned that this type of fuel
could undergo an exothermic chemical reaction during a severe
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accident. By a reaction analogous to the thermite reaction (a re-
action between iron oxide and aluminum in a powdered mixture
that is used to produce an intense heat source), significant en-
ergy release can result from the oxidation of aluminum and the
corresponding reduction of U308:

(4/3)A1 + U308 -- 3 UO2 + (2/3)A1203

(exoergic by about 225 calories per gram of U308 reacted). Ob-
viously, any fuel that is susceptible to this type of reaction poses
special accident risks.

The contractor is conducting analyses to determine wh ther
chemical alteration of the U308 takes place during manufacture
that will substantially reduce heat generation by the metallother-
mic reaction. If substantial alteration in the composition of the fuel
does not occur and the reaction were to ignite locally, it is possible
that the reaction could propagate. Although there is some basis
for believing that the reaction would not ignite at the melting tem-
perature of aluminum (the range of ignition temperature is 1150
to 1273 K in comparison wiil the aluminum melting temperature
of 933 K), it is not clear whether fission-product contaminants
in the irradiated foP1 might reduce the ignition threshold. Fur-
thermore, it cannot be assumed that the maximum (pre-thermite
reaction) temperature that would occur in a severe accident would
be limited to the melting temperature of the aluminum matrix.

The contractor is investigating the susceptibility of the fuel
to ignition. In experiments with fuel to date, low-temperature
initiation of the reaction has not been found. However, some
evidence of a low-temperature surface reaction of aluminum with
sodium uranates has been found. Continued investigations of the
thermal behavior of the cermet fuel are under way.

A more complete discussion of the issues associated with use
of cermet fuel is provided in Appendix F.

Recommendation: The Savannah River contractor should dem-
onetrate that the 11308 in cermet fuels currently under develop-
ment is sufficiently reduced during the manufacturing process
to preclude significant metallothermic reaction in a reactor
accident, or this approach should be dropped.

c, J
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HUMAN PERFORMANCE

Conclusion: Recent programs appear to have been effective in
improving operator training and procedures at the production
reactors. However, other activities, such as the recording and
analysis of trends in human performance and the application
of computers to reactor operation, appear to need further up-
grading.

The accidents at Chernobyl and Three Mile Island might have
been avoided but for a series of operator and management errors
errors of both commission and omission. The committee assessed
operator training and performance at the production reactors in
terms of five general requirements:

Correct, clear, concise, comprehensive, and well-written
operating and emergency procedures;

Rigorous training and retraining to ensure the operating
staff is qualified, including state-of-the-art training equipment,
control room simulators, and procedures that develop diagnostic
ability;

Close adherence to approved procedures but clear direction
of how to proceed if a procedure seems incorrect or inadequate;

Rigorous control of all actions that could deactivate safety
equipment or safety functions; and

Correct, clear, and easily understandable instrumentation,
controls, and information aids in the control room.

Operating and Emergency Procedures

On the whole, the operating procedures used at the production
reactors appear to be well written and understandable, although
there have been isolated instances in the last year in which certain
procedures were determined to be in need of improvement or were
not being followed. Such ;ncidents, although very undesirable,
do occur at all reactors. The commercial industry established
the Institute of Nuclear Power Operations (INPO), in part, to
define benchmarks of excellence in reactor operations, including
those related to the use of operating and emergency procedures.
Although the production reactor contractors have limited access to
INPO, they have been successful in establishing some interaction
with INPO in this area.

,
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There are basic differences in the use of formal procedures
at the two sites. At Savannah River, operators are expected to
follow explicit procedures for essentially every step of the opera-
tion. At N Reactor, procedures are used for proper handling and
switchover of equipment, but routine operation is based largely
upon operator understanding of plant behavior. This difference is
reflected in fundamentally different approaches to training at the
two sites. Savannah River has developed procedurally oriented
computerized diagnostic aids for its operators for both training
and operation, whereas N Reactor relies more on in-depth class-
room, homework, and simulator training aimed at strengthening
the operator's ability to understand and diagnose plant behavior.
It is not clear which of the two styles is superior; both contractors
would probably benefit from analysis and incorporation of aspects
of the other's approach.

With regard to emergency or abnormal event procedures and
training, both sites use procedures that are based on an identifica-
tior of the causes of observed deviations from normal operation.
Nt,..ner site currently has an exclusive set of general procedures
geared toward controlling critical safety functions in an accident.
Such procedures, which are common in the commercial indus-
try, are often called "symptom-based" procedures and are used
to maintain safety conditions during an incident independent of
whether or not the incident has been correctly identified. State-
of-the-art symptom-based procedures at commercial reactors also
provide guidance for responding to more severe accident condi-
tions. Work is under way to develop symptom-based procedures
at the production sites and to develop training appropriate to their
use. Both contractors would benefit by reviewing the symptom-
based approach taken by the commercial industry.

Training

Training and qualification of operators have been intensively
examined at both sites since the accident at Three Mile Island.
In addition, the two contractors have increased their interaction
with external groups with expertise in operator training. The N-
Reactor contractor has expanded contacts with INPO, the Region
4 Interoperating Utility Committee, and two programs run by the
DOE Office of Nuclear Safetythe Training Coordination Pro-
grams and the Training Resource and Data Exchange (TRADE).
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The Savannah River contractor I . been actively i trticipat-
ing in TRADE w.nd has attemp 0. to foster closer ties to INPO,
and last year sent two engineers to an 'INPO training course on
human performance evaluation.

Training simulators that replicate tae actual control rooms in
the plants have recently been installed at both sites. Although
they do not simulate severe accident conditions, the sir .ators
offer a wide range of conaol room responses for operator training.
Reprogramming of the simulators would be required to provide
simulation of severe accidents, and this improvement should be
undertaken.

The production reactor simulators have proven to be valuable
for functions other than training. In the course of using the simu-
lator at N Reactor, for example, the contractor recently discovered
that bile timing circuitry for the confin nent vent vu:/es had beer
;mproperly detigned and would not have functioned appropriately
in certain accident scenarios. The ners E ave sime been rewit ad
and the problem resolved.

Earlier in the chapter, the committee recommended that prob-
abilistic risk assessments be completed as expeditionaly as possible.
Such PRAs can also play an important role in operator training
to respond to severe accidents, as they have .:early done in the
commercial industry. The PRAs can serve as models of the plants.
If operators are familiar with the PRA, they will be in a better
position to understand the plant's response to initiating events
and possible .ccident progressions.

A8 . ace to Procedures

The committee found reasonable adherence to procedures at
the production reactors, comparable to what one would expect
to find at a typical comr ercial reactor. However, there is a need
at both sites for more in-depth analysis of the underlying causes
of reactor incidents, as previous reviewers have noted. Incident
reports are ,A o t currently written in a way that permits a clear
determination of the specific actions taken by plant personnel and
how those actions might relate to what occurred. Part of the dif-
ficulty appears to lie in the understandable reluctance of incident
report writers to criticize their colleagues and supervisors openly.
The Savannah River contr ctor has tried to overcome the problem
by usinb a reactor operations review committee as a forum for
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exploring incidents in greater depth, examining their causes, and
identifying better means of preventing their recurrence. Clearly,
unless the causes of incidents are properly identified, there is little
hope of establishing meaningful trends in human performance.

Safety System Bypasses

The manipulation of safety system instrumentation appears
to be strictly c.,:atrolled at the production reactors. Special in-
terlocks and detailed procedures have been developed to prevent
any unauthorized bypassing of safety systems such as occurred at
Chernobyl. In fact, the Savannah River contractor reviewed the
Chernobyl sequence of events with operators to underscore the
importance of closely following procedures when safety systems
must I. passed.

Computerized Systems

A process computer system is used at Savannah River to
control routine reactor operations. It is analogous to an autopilot
in an airplane in that it cannot be used during startup or shutdown
and its use at normal operating power levels is optional. It is
an important system at Savannah River because of the tendency
toward xenon oscillations it large biavy-water moderated reactors.

One lesson from the Three Mile Island accident was the need
to improve the human factors aspects--the interface betweer_ op-
erators and equipmentof nucler.r reactor control rooms. In re-
st.onse to this tiled, th 'Savannah River contraaor has developed
a computerized diagnostic aid known as the Diagnosis of Mul-
tiple Iarms (DMA). The DMA system ia not a type of Safety
Parameter Display System (SPDS) like those installed in commer-
ciP1 reactors after the Three Mile Island accident. Rather, it is
a Jmputerized system that employs a specific set of truth tables
to identify and prioritize the operating procedures that should
be used by the operators in response to deviations from normal
operation.

The purpose of the DMA system is t-) perform in a short
time the analysis that idperators would ot wise have to perform
during an emergency, at a time when numerous alarms ave been
activated in the control room. In such a situation, the operators
might have too much information to select the proper response.
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The DMA system seects the appropriate procedures and lists
the order in which they should be implemented. As with the
simulator at N Reactor, development of the DMA system has
led to unanticipated results. A number of errors in logic in the
existing Savannah River procedures were discovered during the
development of the DMA system.

Implementation of suggestions from the post-Three Mile Is-
land reviews also resulted in improvements to the N-Reactor con-
trol room. Unused switches were removed from control panels
and the control room alarm was replaced. The committee has
been advised that a more recent review of the control room has
been conducted and that an evaluation is in progress to determine
whether additional changes are needed.

The current trend in production reactor operations is toward
greater control of plant equipment using digital systems. This
appears to be occurrir g, however, with very little oversight from
DOE. It is important to recognize that while computerized sys-
tems may reduce the likelihood of certain kinds of human error,
they io not eliminate error; computerization merely shifts the bur-
den of performance from one human activity to those specifically
related to the use of computers, such as software engineering. The
Savannah River reactors, for instance, have computer control sys-
tems governing the operation of their "charge-discharge" machines
(which are used to remotely insert and remove fuel and target as-
semblies from the reactors). Although the machines have been
operated successfully .:rough many charge-discharge operations,
there have been a number of recent incidents involving breakdowns
of one kind or another. The contractor plans to replace the existing
charge-discharge system computer with a newer, larger memory
system, but the kinds of incidents that have occurred reflect the
more general need for better software reliability.

It should be noted that the recent DOE Design Review rec-
ommended replacing the contractor's software quality assurance
programs with a more rigorous, mandatory program. Such a pro-
gram has been initiated by the contractor in the current fiscal
yea:. The program elements include code configuration control,
documentation requirements, coding practices, validation and ver-
ification, and assignment of responsibilities. At the planned level
of effort, it will take the contractor four years to work through
the current backlog of codes. In the same report DOE also recom
mended ma"itaining on a continuous basis a coterie of qualified
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personnel who could serve as backup to contractor staff qualified
to work on the reactor control and safety computer software. Since
this second program is run by the plant and the program discussed
above is run by the laboratory, the Department should ensure that
both plant and laboratory software reliability programs meet the
same high standards.

N Reactor has experienced similar problematic behavior from
its computerized systems, and in particular the controls govern-
ing the plant's secondary system (the byproduct steam system).
Causes of these problems include misalignment of components
within the control machinery and poor software. In response, the
contractor has recently adopted stricter rules governing software
changes.

Very high reliability is required for the software that is used
in the design of the core loading for each cycle at Savannah River.
Since each core composition is different, a detailed reactor physics
analysis must be performed prior to loading the fuel and target
assemblies. Thus, many opportunities are presented for errors to
occur which could lead to severe consequences, such as inadvertent
criticality during loading or melting of an assembly. Tie commit-
tee believes that the adequacy of the existing quality assurance
procedures to control the frequency of core configuration design
errors thou' I be examined from a probabilistic viewpoint in the
ongoing PRA.

Recommendation: The DOE contractors should expedite the
development and incorporation of procedures and training
armed at restoring critical safety functions and controlling
critical safety parameters in the event of abnormal conditions.

Recommendation: More thorough analyres of the causes of re-
actor incidents should be conducted in order to improve human
peri o) mance.

Recommendation: Better methods for analyzing trends in hu-
man performance should be developed.

Recommendation: The management of software engineering
activities should be reviewed and improved. DOE should spon-
sor an independent review of computerized systems at both
sites to ensure that the systems are fault-tolerant.

,
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LIQUID EFFLUENTS

Conclusion: Discharge of radionuclide-contaminated liquids
from the production reactor confinements into open basins, as
occurs during normal operation of the N Reactor and as could
occur during c :clients at both sites, poses a s3fety hazard. It
is also an environmentally unsound practice.

In the event of a severe accident at the Savannah River reac-
tors or the N Reactor, radionuclide- contaminated liquid effluents
would be discharged from the plant. At Savannah River, the
discharge would be first to a 60,000-gallon tank and then to a
500,000-gallon tank, both of which are vented back 1, to the reac-
tor confinement. Overflow from the tanks, however, would be to
an op, 50,000,000-gallon basin. Flow to the 500,000-gallon tank
in an accent could be as high as 14,000 gallons per minute, so
overflow into the open basin could occur in as tittle as one hour.

Discharge of liquid effluents at N Reactor both under normal
operating conditions and c:lring an accident is tf., a 6,300,000 -
gallon unlined pit or "crib." The liquids drain into the ground
below the pit allowing the possibility of eventual contamination
of the groundwater and the introduction of elevated levels of ra-
dionuclides into the Columbia River. Contamination of the liquid
effluents from N Reactor during an accident would be especially
severe since substantial attenuation of airborne radionuclides from
the re...-tor is achieved with water sprays and the contaminated
spray water would be discharged to the "crib." Congress is cur-
rently considering a line item in the FY 1988 defense authorization
bill that would provide monies to build a Waste Effluent Treatment
Facility for the N Reactor.

In the past, discharges to the "crib" during normal oper-
ation of the N Reactor have averaged about 1330 gallons per
minute. These discharges amounted to releases of about 6000
curies per year of radioactivity with half-lives greater than 48
hoursprimarily radioactive isotopes of cobalt and strontium.
Discharge of these contaminated liquids from the N Reactor is
clearly an environmentally unsound practice and has been criti-
cized as such in previous safety reviews. Indeed, only a waiver of
a currently effective Department Order has allowed the practice
to continue. During the current standdown of the reactor, the
contractor has made modifications that are expected to reduce
the discharges during normal operation to about 505 gallons per
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minute and about 4100 curies per year. The contractor is now
working on a filtration system that would further reduce the ra-
dioactivity of the discharges to about 1900 curies per year and has
proposed installation of an ion exchange system, which has not yet
been funded, that would reduce the discharge to about 50 curies
per year.

Under accident conditions, the discharge of radionuclide-
contaminated liquids from the production reactors violates the
confinement concept of defense-in-depth against radionuclide re-
lease and constitutes a safety hazard. The hazard under accident
conditions is not merely eventual contamination of groundwater.
Rather, it is that radionuclidesespecially iodinecan vaporize
from the discharged liquids. Those radionuclides that vaporize
from the liquid effluents would be released to the environment
and would thus have bypassed the protection that ib meant to be
provided by the confinement system.

Consideration of iodine vaporization from water pools has
been included for some time in the analysis of reactor accidents at
commercial nuclear power plants. (A detailed technical discussion
of the chemical processes involved in iodine vaporization is pro-
vided in Appendix E.) Vaporization can occur because molecular
iodine can be formed in water by oxidation of iodide ions:

2 r + 2 H+ + (1/2)02 12 (aqueous) + H30.

Though some hydrolysis of the iodide to I101 occurs, further
oxidation to iodate, I0;, us kinetically slow. Consequently, the
dissolved molecular iodine can vaporize:

12 (aqueous) -. 13 (gas)

and the vapors can be carried away by ambient air currents. The
extent to which molecular iodine will be formed depends on the
water temperature, hydrogen ion concentration, total iodine con-
centration in the liquid, and time. There is evidence that the ra-
diation field produced by the dissolved radionuclides can enhance
the vaporization of iodine from water pools. Thus, accidents at
the production reactors could lead to significant airborne releases
of radioactive iodine, yet these releases have apparently not been
properly considered in accident analyses for the plants.

In addition, iodine is quite reactive, especially in a radiation
field. In particular, iodine in aqueous media will react with many
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organic materials, including plastics, to form CH3I, which will
vaporize from the water. Plans to upgrade basins at the N Reactor
by lining and covering them with polyethylene sheets may be
frustrated by the reactive nature of iodine in intense radiation
environments.

Recommendation: The Dtpartment of Energy should estab-
lish ways to protect the environment from the radionuclide-
contaminated liquid effluents, discharged during normal oper-
ation of the N Reactor. Means should also be found at both
Hanford and Savannah River to prevent the direct discharge of
contaminated liquid effluents to the environment following an
accident.

EMERGENCY PLANNING

Conclusion: Emergency planning and response capabilities at
the Department of Energy's production reactor sites appear to
be comparable in terms of onsite preparedness to those at com-
mercial reactor fatuities. Offsite planning and preparedness,
however, do not appear to be on a par with those of localities
surrounding a commercial reactor.

The nuclear accident at Chernobyl involved the prolonged and
extensive dispersion of large quantities of radioactive materials
throughout the environment. Aspects of the response by Soviet
authorities to the accident appear to have been unprecedented. To
date, the measures taken by to, Soviets to respond to the accident
have not been thoroughly assessed in order to determine whether
there are any lessons that can be learned that would improve
emergency preparedness in the Unite States.

"here are aspects of emergency preparedness .it Hanford and
Savannah River that are significantly stronger than at most corn-
mercitd U.S. nuclear power plants. First, the size of the sites and
low population density around them significantly ease the diffi-
culty of providing effective planning and response. Although there
are large numbers of onsite workers at each site, they are gen-
erally clustered in a few locations end should be relatively easy
to protect in the event of an emergency. Second, the large num-
bers of facilities and ccntracto. organizations located at the sites
make available extens' 'e resources (for example, knowledgeable
staff and equipment for radiation monitoring and meteorological

AO
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assessment) that could be marshalled in the event of an accident.
Both sites also indirectly benefit from proximity to commercial
nuclear reactor facilities that have their awn emergency prepared-
ness activities, including substantial involvement of state and local
government organizations. The Vogt le Nuclear 'hint is located
about 10 miles from the Savannah River site, and the Washing-
ton Nuclear Plant 2 is located within the Hanford site boundary.
Although the committee did not explicitly ,.:xamine the relation-
ship between DOE's field offices and state and local government
response organizations, DOE should assure that the emergency
preparedness of those organizations, and their communications
with them, are adequate to protect the health and safety of offsite
individuals.

DOE has conducted audits of the emergency planning organi-
zations and procedures at Hanford and Sava-Anah River over the
past six years. These have resulted in a series of recommenda-
tions for improvements to facilities, procedures, and training. The
most recent appraisal for the Savannah River production reactors
concluded that the emergency preparedness program was effective
and provided three recommendations for improvements. One rec-
ommendation was that the Savannah River contractor revise its
classification of emergency response levels so they conform with
DOE and commercial nuclear industry practice. This r .ommen-
dation had been made previously, in reviews following the Three
Mile Island accident, but was not implemented by the contractor.
The committee understands that actions have now been imple-
mented in response to each of the three items identified by the
appraisal team.

DOE's most recent appraisal of emergency preparedness at N
Reactor also concluded that the contractor's emergency response
organization and facilities were generally adequate to protect the
health and safety of the public in the event of a reactor acci-
dent. The appraisal included several recommendations for im-
provements, and actions have either been implemented already
or are planned to address each of the specific items cited by the
appraisal team

The purpose of emergenc., preparedness is to provide persons
responsible for action in the event of an emergency with adequate
knowledge, understanding, equipment, and facilities for making
and implementing reasoned decisions. It is important that the
planning basis consider the entire spectrum of events that might
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occur, from benign to severe. DOE Orders (5500.2, 5500.3) require
that all "credible" accidents be analyzed and that estimates of the
characteristics of associated accident scenarios and source terms
be used as a basis for emergency planning.

Within the limits of the existing definition and analyses of
credible accidents at the production reactors, the Hanford and Sa-
vannah River emergency planning organizations, staff, facilities,
and training appear to be generally quite good. Frequent exer-
cises of the response staff and procedures have been held at each
site, and Savannah River emergency planning staff participate in
Federal Emergency Management Agency (FEMA) evaluations of
commercial reactors and in federal-level radiological emergency
exercises. However, DOE and its contractors do not fund or par-
ticipate in annual preparedness activities with state and local
governments. The ability of emergency response organizations to
cope with accidents beyond the current design basis (for example,
full core melt accidents wish confinement and filter failures) needs
to be more fully addressed. As results and insights are gained
from ongoing and future severe accident analyses and PRAs, they
shonid be reflected in changes to existing emergency plans and
in future exercises. Finally, the committee believes DOE should
assure itself that both contractors have adequate answers to such
questions as: (1) Given a slow-developing accident, what criteria
should be used on which to base a decision to evacuate and what
information is needed to assess the criteria? (2) Given an accident
in progress with releases to the environment having already oc-
curred and still under way, how best can the extent, distribution,
and movenns;* of the radioactivity in the outside environment be
monitored so as to make rational decisions regarding emergency
actions? 3) Is the information gathering network on traffic con-
ditions, weather, and competing emergencies adequate for on-line,
ad hoc decisionmaking? (4) Is there a readily accessible data base
available on the local hydrology, transportation routes, topogra-
phy, demography, temporal changes in the population density on
an hocrly basis, and meteorology? and (5) Is there a site-specific
atmospheric transport model available at the emergency response
center that can be used interactively with real-time weatha data
to project the movement of the radioactivity for short times into
the future in order to predict who is at risk and when?
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Recommendation: Emeiency planning activities at the De-
partment of Energy's production reactor sites should consider
the entire spectrum of accidents that could occur, going be-
yond design-basis accidents to include large-scale core melt
accidents. As results and insights are gained from ongoing se-
vere accident analyses and probabilistic risk assessments, they
should be reflected in changes to emergency plans, training,
and facilities.

The U.S. Department of Energy and its contractors should fund
and participate in annual preparedness ezerciges with state and
local governments.

The Department of Energy should also analyze those lessons
learned from the Chernobyl accident that relate to emergency
planning and response to determine if improvements in re-
gional and national capabilities are warranted.
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Strengthening the Technical Basis of
Reactor Safety Management

THE ROLE OF THE DEPARTMENT OF ENERGY IN
HISTORICAL CONTEXT

The Department of Energy and its predecessor agencies have
been responsible for the production of defense nuclear materi-
als since that task was originally assigned to the Atomic Energy
Commission (AEC) in 1946. In 1974 the AEC was reorganized
into an independent Nuclear Regulatory Commission (NRC) and
a program-oriented agency within the Executive Branch (the En-
ergy Research and Development Administration or "ERDA"); the
latter became the basis for the Department of Energy in 1977.

The AEC led the way in reactor safety. It was an agency
formed at the beginning of the atomic age with the sole mission
of developing and controlling the use of nuclear technology. The
DOE, on the other hand, is a department of the Executive Branch
with many nonnuclear responslilities. Despite its origins in the
AEC, DOE's potential for leadership in nuclear safety technology
has been constrained by the assignment of regulatory functions to
other organizations and by the preeminence within the federal gov-
ernment since the mid-1970s of the view that nuclear technology
ought to be developed principally by private industry.

Commercial experience with nuclear reactor operation has

70
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now become far more extensive than that of the DOE. The com-
mercial nuclear industry in this country currently encompasses
more than 100 nuclear power plants. It is regulated by the Nuclear
Regulatory Commission, which has no responsibility for DOE-
owned reactors. For the most part, national leadership on matters
of nuclear safety has shifted to the NRC in its role as regulator of
commercial nudes,- power plants.

Funding constraints have also acted to diminish the role that
DOE has been able to play in the area of reactor safety. For many
reasonsincluding the many demands that were placed on the
DOE in the late 1970s in the wake of rapid increases in interna-
tional oil pricesDOE reactors did not receive the same funding
priority as they had in prior years. As a result, reactor upgrades
and even some plant maintenance were deferred. Mounting bud-
getary pressures in the 1980s restricted production reactor funding
so that the DOE safety program was devoted largely to catching
up with deferred maintenance. Upgrades intended to enhance the
safety of the plants received limited funding or were postponed.
As noted in Chapter 2, these factors have had lingering effects.
The effects can be seen today in such practices as the treatment of
liquid effluents from the production reactors and the N Reactor's
antiquated methods of refueling.

The current DOE mode of operation differs from the mode
of operation that existed during the days of the AEC. At both
agencies the basic strategy was to delegate maximum rest -risibility
to the contractors, and in each case most of the technical expertise
has resided there. Yet during the AEC era, there was also a small
group of the highest technical quality :n the headquarters staff
whose role, simply expressed, was to keep the contractors' feet
to the fire. This small headquarters staff usually had adequate
influence, because its members were as technically competent as
those in the field, and it was widely understood that they had the
full backing of the headquarters program directors. The AEC also
had good reason tr, assume highest quality in the contractors. The
people who had designed the reactors were contractor employees.
Until recently, some of them were still on board. They knew every
nut and bolt in the reactors they were operating. In sum, with
the breakup of the AEC and the passage of time, the technical
experience in headquarters, in the field, and in the contractors'
staffs has diminished.

The breakup of the AEC also led to a loss of outside oversight
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of the production reactors. NRC plays no role in assessing the
safety of DOE reactors, and there is no standing committee of
non-DOE advisors paralleling the Advisory Committee on Reactor
Safeguards (ACRS). The ACRS, which continues to provide advice
on reactor issues to the NRC, was originally created in 1946 to
assist the AEC. At the outset, the ACRS reviewed only AEC
production, research, and test reactors since there were as yet no
commercial reactors.

One of the first issues addressed by the ACRS concerned the
suitability of the Hanford site for the production of plutonium.
For years the ACRS maintained separate subcommittees on the
Hanford and Savannah River production reactors, which met fre-
quently and provided a steady fiow of expert and independent
advice. With the abolition of the AEC, regular review of the
production reactors by the ACRS ceased, and the ACRS subcom-
mittees on the production reactors were disbanded. Although the
system was not perfectfor instance, ACRS had no mechanism
for ensuring that its concerns were resolvedthe ACRS did fo-
cus attention on important issues and encourage ima,rovements in
the safety of the production reactors. The Secretary of Energy is
authorized, hewPver, by 42 U.S.C. 5814 to seek advice from the
ACRS. Although DOE has used this authority to acquire ACRS
review of new reactor designs such as the Fast Flux Test Facility,
it has not sought ACRS advice on the production reactors, and no
other body has been created to assume ACRS's role.

The accident at Three Mile Island (TMI) in 1979 had a ma-
jor impact on the regulation of commercial nuclear power. As a
result of the accident, the NRC and commercial nuclear utilities
embarked on a wide-ranging and expensive program to improve
commercial rear.tor safety; the implementation of this program is
still in progress today. Although DOE played a part in the process
of extracting lesbons from the accident, it has been slow to incorpo-
rate those lessons in t,,e operation of its own reactors. In mid-1980,
the Under Secretary of :lnergy formed an in-house panel to study
the safety of DOE's large reactors in light of the TMI accident.
The study, however, was narrowly focused on operator qualifica-
tions and training. Even t o, the panel's report clearly pointed
out, among many other findings, that DOE WAS not effectively
carrying out its responsibilities with respect to nuclear safety, and
furthermore, that it did not have the in-house capability to do so.

Six years later, only one of the fundamental recommendations
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made as a result of the DOE's study has been implemented
elevation of the functions of environmental protection, safety, and
health to the level of an Assistant Secretary. The equally impor-
tant recommendation to .'stablish effective outside oversight of the
DOE reactors still has not been addressed. Recently, however,
the Department has indicated a willingness to have some form of
external oversight established.

Following the Chernobyl accident, DOE moved to reevaluate
its reactors. In addition, between November 1986 and November
1987 DOE took a number of highly visible actions at three DOE
reactor sites:

DOE extended the N Reactor's annual outage in order to
implement a substantial portion of the many safety enhancements
recommended by internal and external reviewers who examined
the plant in the wake of the Chernobyl accident.

At Savannah River, DOE reduced the reactor power level
by 50 percent and required the contractor tc develop an acting
plan designed to assure that adequate emergency core cooling
capability could be demonstrated.

DOE shut down the High Flux Isotope Reactor for safety
reasons and placed other facilities at Oak Ridge on standby be-
cause of poor management practices.

These actions responded to findings of specific deficiencies.
As dramatic as these measures have been, they have not answered
the underlying question of whether DOE can fully discharge its
safety responsibilities wish the resources and mangement practices
it now uses.

THE CURRENT MANAGEMENT SYSTEM

The production reactors are operated by contractors selected
by DOE. At both Hanford and Savannah River the contractors
maintain large staffs that are responsible for reactor operation,
engineering, safety, and environmental protection, among many
other functions. The contractors benefit from staffs that are ex-
perienced and reasonably technically sophisticated and are led by
senior managers who typically have long-standing familiarity with
the reactors. Each site also has the benefit of an associated support
laboratory of national repute. As one reviewer noted in 1985, "the
DOE's fundamental operational tenet is to put responsibility for

C ki,-,!
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safety primarily upon the contractors " Although this delegation
of operational responsibility to contractors may be appropriate,
the assignment does not relieve DOE of its legal mandates to
assure public safety and to supervise contractor performance.

Within DOE the primary responsibility for the safe operation
of the reactors lies with its line management. Authority flows from
the Secretary, through the Under Secretary, to the managers of the
local operations offices at the two sites. The managers of the oper-
ations offices at the Hanford and the Savannah River sites are the
DOE officials who are primarily responsible for providing program
direction to the contractors, and who must assure the implemen-
tation of adequate environment, safety, and health programs. By
comparison with the contractor organizations, the staffs of the
DOE operations offices are relatively small. As currently struc-
tured, both the Savannah River and Richland operations offices
each have one division responsible for the actual operation of the
reactors and a separate division, reporting to the manager, re-
sponsible for auditing the performance of the contractor in terms
of compliance with safety, quality assurance, and environmental
requirements.

Although the manager of the operations office plays a key role
in assuring the attainment of production objectives and the safe
operation of the reactors, the manager's activities are significantly
affected by at least two other DOE officials. The production goal
and the budget allocation for the reactors is developed by the
Assistant Secretary for Defense Programs (DP). Contro ever the
budget gives this Assistant Secretary significant power I affect
the activities of the operations office and the contractor. (The
manager of the operations office, nevertheless, may independently
raise budget issues with the Under Secretary as may the Assistant
Secretary for Environment, Safety, and Health.) In addition, pro-
posed plant modifications, changes in technical specifications, and
safety analyses must be approved by DP.

Within the DOE, oversight of the safety, quality assurance,
and environmental performance of both the DOE line management
and the contractors is the responsibility of the Assistant Secretary
of Environment, Safety, and Health (ES&H). ES&H conducts in-
tensive appraisals of the production reactors and the contractors'
activities. This oversight function has been significantly upgraded
in the past year and a half. The size and technical depth of the
permanent staff of ES&H is still not large, especially in relation to
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the size of I be defense production enterprise as a whole, although
the ES&H .Gaff is augmented for the purpose of conducting site
appraisals ",-,y the use of consultants.

In sun. the operations offices are responsile to two separate
offices in ite DOE headquarters. The effectiveness of this arrange-
ment der,Inds on the balance of capabilities in those two offices
and thei Telative authority.

PRINCIPAL AREAS FOR IMPROVEMENT

11:.,:er the current set of arrangements, ES&H is charged ' ith
coordiaating with DP in the establishment of departmental safety
standards and with independently monitoring the safety perfor-
mance of the contractors and the operations offices. Both ES&H
and U? have access to the Under Secretary and the Secretary, so
that ig principle these officials may also become directly involved
in a!, given decision. Yet, in the absence of independent external
review, both of these headquarters organizations and the Under
Secretary depend on the field offices and the contractors for infor-
ms don about the day-to-day operation and level of safety achieved
in the plants. Except on an ad hoc basis, the Secretary has no
ac -*us to objective external expertise, which would provide inde-
pPudent judgment of the quality of the standards set by ES&H,
the supervision provided by the field offices, or the performance of
tl.e contractors.

The committee's conclusions and recommendation! as to
l 'OE's management of the reactors relate to three principal find-
' igs: (1) DOE's overreliance on its operating contractors; (2)
.vcaknesses in the current implementation of the DOE manage-
.nent approach; and (3) the need for increased outside involve-
ment.

DOE's Relationship with Its Contractors

Conclusion: The Department of Energy, both at headquarters
and at the Richland and Savannah River operations offices,
has relied almost entirely on its contractors to identify safety
concerns and to recommend appropriate actions. In large part
this results from a marked imbalance in technical capabilities
and experience between the contractors and the DOE staff.
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The contractors responsible for the operation of the N Reactor
and the reactors at Savannah River have excellent records of safe
operation. There have been no major reactor accidents at these
facilities. Both facilities have records of avoidance of lost workdays
as a result of on-the-job injuries at least 10 times better than that
of U.S. industry as a whole.

Perhaps because of the contractors' records of accomplish-
ment, DOE has tended to defer slmost exclusively to the contrac-
tors' expertise and to rely on the contractors to identify, evaluate,
and resolve safety issues. This appears to be due partly to the
imbalance in levels of staffing and partly to differences in technical
training and experience, as discussed below.

The contractors at the production reactors have a large per-
manent staff, while the DOE presence on these sites is relatively
small. For example, the DOE field organization staff charged with
oversight of operations at N Reactor consists of only eight to ten
professionals, the auditing group includes only one person with
full-time responsibility for the reactor, and the safety group has
two to three professionals with full-time responsibility for the reac-
tor. This contrasts with a contractor staff of approximately 1200
at N Reactor. One DOE official explained that the Department's
approach is to "skim over the surface" in the hope of "sensing"
problems that justify closer examination.

The DOE staff also does not have a depth of technical experi-
ence commensurate with that of the contractor staff. (At Savan-
nah River the greater experience of the Du Pont staff is diluted
to some extent by Du Pont's traditional practice of continually
rotating mid-level staff in and out of positions of responsibility.)
At Richland, for example, the committee was told that the typical
DOE staff member entered employment with DOE as a first job
upon graduation from college and has been in DOE's employ, on
average, for two to three years. These persons obviously possess
no reservoir of technical experience and have not benefited from
extensive contact with the external technical community. More-
over, DOE technical staff may leave government service after a
short tenure, or move on to other staff or management roles.

The inherent limitations of this approach are demonstrated by
the events that led to the current 50 percent reduction in power of
the Savannah River reactors. As noted in Chapter 2, in order to
establish allowable upper limits for reactor power, the Savannah
River Laboratory conducted experiments in 1979 focusing on the
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capability of the Savannah River reactor emergency core cooling
systems. By 1981 personnel in the contractor's reactor department
had become convinced that the 1979 experiments were deficient.
Thus, uncertainty existed within the contractor organization con-
cerning the validity of the existing limits of safe operation, as
defined by the design bases of the emergency core cooling systems.
Nevertheless, the reactors were operated at full power for the next
five years while the laboratory devoted relatively few resources to
validating the 1979 experiments. At no time during the entire five-
year period did anyone at DOE become aware of the uncertainties
that existed regarding the power limits then in use. To its credit,
DOE acted within hours after being informed in November 1986.

The committee views this case as indicative of the underlying
nature of the DOE-contractor relationship; it is unusual only in the
severity of the corrective action ultimately taken. The committee
concludes that DOE places undue reliance on its contractors for
the assurance of safe operations. Safe operation of the produc-
tion reactors requires independent and competent assessment of
contractor decisions by experts in reactor safety who are at arms
length from day-to-day operations. While DOE oversight must id-
low a contractor a degree of technical discretion and must demand
individual accountability, DOE involvement has to be comprehen-
sive enough to allow it to evaluate all aspects of the contractor's
performance. The DOE will not be capable of recognizing and
rewarding good practice or recognizing and forestalling improper
action unless it knows and fully understands what the contractor
is doing.

Recommendation: The Department of Energy should acquire
and properly assign the resources and talent necessary to en-
sure that safe operation is being attained. Changes in staffing
levels and budgets will likely be required to achieve such a ca-
pability. The purpose of these changes should be to provide
the staffing and funding necessary to ensure comprehensive
involvement by DOE in the safety assessment and operation
of the production reactors. In addition to establishing compre-
hensive involvement with the contractors, DOE should clarify
and strengthen its reporting requirements to ensure that the
contractors immediately bring matters of safety consequence to
the Department's attention.
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Management Structure

Conclusion: The Department of Energy's management ap-
proach copes with the mix of production and safety responsi-
bilities faced by the Department, but falls short of reasonable
expectation.

Although the independent ES&H organization created in the
last year has conducted several detailed appraisals of rea-tor op-
erations, areas of weakness remain:

ES&H has no permanent onsite presence. The ties between
DP and the operations offices are relatively strong, whereas the
ties between ES&H and the field offices are weak.

The capability of the operations offices to conduct ongoing
surveillance programs and to review proposed projects needs to be
strengthened.

Although the expanded ES&H organization in DOE head-
quarters has sponsored important audits of the production reac-
tors over the last year, the audits have been episodic and narrowly
focused. They do not substitute for continued onsite surveillance
or in-depth review of contractor safety analyses.

The DOE has nothing fully comparable to the offices and
divisions of the NRC charged with research, reactor regulation,
inspection, and event analysis. The functions performed by these
offices and divisions are not effectively performed by the DOE.

The lia'son of DOE with the external te&nical community
falls short of what is desirable and easily possible.

The committee recognizes that the DOE-contractor relation-
ship differs qualitatively from that which exists between the NRC
and its licensees. The balance between costs and benefits is
achieved in the context of commercial plants through the rela-
tionship between regulator and licensee and with the involvement
on economic matters of public utility commissions. DOE, in con-
trast to the NRC, must play a mixed role. It must assume the
position of the regulator in terms of assuring the safety of oper-
ations, but it must also assume the role of licensee through the
scheduling and financing of operations to meet program require-
ments. In this scheme, the contractors act as third parties with
interests in both safety and production.
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The tension between DOE's two roles is apparent at the pro-
duction reactors, particularly in connection with the implementa-
tion of safety modifications. As noted earlier, the committee was
told in interviews that, in the past, the contractors have pressed
for safety upgrades that DOE has then rejected for budgetary
reasons.

DOE judgments about plant upgrades do not appear to reflect
the results of explicit cost-benefit analyses; indeed, so far as the
committee could determine, there is no formal system currently
in use to assess proposed production reactor modifications that
takes public health risks explicitly into account. As previously
noted, where cost-benefit analyses of plant upgraues have been
proposed, reduction of avoidance of public health risks have not
appeared explicitly in the computations. The committee believes
that the lack of a meaningful procedure for conducting cost-benefit
analyses of proposed plant modifications and the lack of a clear-
cut, risk-based safety objective are two sides of the same coin.

In light of the conflicting responsibilities of the Department
to meet production requirements and assure safety, the committee
considered whether to recommend the creation of an entirely new
management structure responsible solely for assuring the safety
of the production reactors. For example, the safety-oversight re-
sponsibilities now allocated to DOE might be transferred to the
NRC or to an analogous new entity created outside DOE. But
either of these options might lead to interagency conflicts and
disruption that could inhibit both safety and production. The
committee concluded that DOE can accomplish the reactor safety
functions assigned to it by Congress if it dedicates itself to the task.
Thus, the committee has recommended measures to strengthen
and improve the Department's safety oversight by modification
and strengthening of the existing management structure. The
committee acknowledges, however, that the passage of time may
demonstrate that more radical measures should be adopted.

In the committee's view, significant modifications of the De-
partment's approach are necessary. The committee considers it
essential for the DOE to strengthen the internal monitoring ca-
pability it has established for the production reactors. The mon-
itoring capability itself should be free of the demands presented
by program responsibilities. DOE has recogni2 .-xl this need in its
efforts to build an effective ES&H organization. The committee
takes note of and commends the efforts of that office in the review

IN
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of design and operational issues at the production reactors, but
urges further improvement.

Recommendations: In strengthening the monitoring of safety
at the DOE production reactors:

The Department of Energy should expand its capability to
sponsor research, conduct and review safety analyses, eval-
uate operations, analyze trends, and assess proposed plant
upgrades.
ESSII should have a permanent and significant onsite pres-
ence with a formal reporting relationship between onsite
personnel and headquarters staff
ESS II should have more direct access to and involvement in
the resolution of key safety issues on a timely and effective
basis.
ESSH should be centrally involved in the Depa-tment's in-
ternal budgetary processes so as to help assure adequate
funding for safety improvements.

External Oversight

Conclusion: The Department of Energy's safety oversight of
the production reactors is ingrown and largely outside the
scrutiny of the public. Weaknesses in management of the
defense production reactors have led to a loose-knit system
of largely self-regulated contractors operating within budgetary
constraints imposed by and on the Department of Energy.

The DOE is not receiving external and independent review of
its reactor safety decisions of the type regularly obtained in the
commercial reactor industry. There is no organization within or
associated with DOE that exercises reactor safety responsibilities
analogous to those of the ACRS. There is no organization within
or associated with DOE that can review reactor operations in a
manner similar to that exercised by the Institute for Nuclear Power
Operations (INPO) for commercial reactors. DOE has also made
little use of the services of independent safety review committees
such as those employed routinely by individual utilities to examine
safety issues at commercial plants. As a result, DOE and its
contractors do not regularly benefit from the knowledge available
elsewhere in the nuclear comma* 'ty.
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The concept of external, independent, or peer review is not
foreign to the Department of Energy. Parts of the Department
use review committees, such as the Energy Research Advisory
Board (ERAB), which provides input to the Director of the Of-
fice of Energy Research. The DOE national laboratories (such as
Argonne National Laboratory and Brookhaven National Labora-
tory) have outside peer review in the form of visiting committees.
These committees are usually composed of scientists and engineers
from universities, industry, and other national laboratories. They
report to the trustees of the universities that administer the lab-
oratories for DOE, providing copies of their reports to laboratory
management and to local DOE operations offices.

At the DOE production reactors, the committee found little
in the way of external review. The relationship between the pro-
duction reactor contractors and INPO has been limited and of
limited utility to DOE and its contractors. At Savannah River,
several small external review groups have been formed for narrow
technical purposes, and there is a Reactor Safety Advisory Com-
mittee. However, the latter meets infrequently, does not set its
own agenda, does not have staff support, and has few members
unaffiliated with DOE or the contractors.

Independent review has been of enormous importance at com-
mercial reactors, providing new and workable views and insights
and assuring the incorporation in safety decisions of operating ex-
perience at similar facilities throughout the world. Such a review
is virtually nonexistent at DOE production reactors. Accordingly,
the committee concludes that there is a critical need for additional
external oversight at both Savannah River and Hanford.

Moreover, an independent and aggressive oversight committee
would help in building public confidence that these reactors are
indeed being operated to high safety standards.

Recommendations: An independent external safety oversight
committee, advisory to the Secretary of Energy, should be es-
tablished. The oversight committee should possess the foil, wing
features:

Members should be of recognized stature with expertise cov-
ering the full range of disciplines relevant to reactor safety.
Members should include individuals from outside the DOE
community.
Th.: committee should have authority to set its own agenda.
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Tile committee should be authorized to review both the prod-
uct and the process of the Department of Energy and con-
tractor efforts, including review of design, safety analysis,
operations, management, inspection, and enforcement.
The committee should be supported by a full-time, techni-
cally qualified staff, without which it cannot function effec-
tively, and by a budget adequate to obtain external technical
assistance as required.
The bulk of the committee's work should be unclassified and
available to the public.

The Department of Energy should also encourage each con-
tractor to establish c permanent visiting committee of outside
experts to review and assess the implementation of safety ini-
tiatives and to report to contractor management at the site and
at corpora-e headquarters. These committees should be free to
set their own agendas.

Follow-Up

The committee believes that the foregoing recommendations,
if implemented, could help foster a self-sustaining system of safe
operation and oversight: operating units working to well-formu-
lated safety standards, a strong internal monitoring and enforce-
ment capability, and external oversight to advise on the adequacy
of safety goals and DOE's adherence to them. Given the difficulty
of implementing organizational changes of the scope discussed in
this cbapter, however, the committee believes that even if such a
system were adopted there would be a need for evaluation after a
reasonable period to see if it is functioning as intended.

It is worthwhile pointing out that the committee's recommen-
dations do not lead to simple, unequivocal answers to questions
related to the appropriate regulatory model for achieving produc-
tion reactor safety. Many of the issues discussed here are ones tt at
need to be addressed by measures other than regulation: safety
goals are instrumental to the development of a coat-effective safety
system; the balance of technical capability between DOE and its
contractors needs to be restored to bolster the DOE role and im-
prove the DOE-contractor relationship; the transition between the
existing set of aging facilities to a modernized production system
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must be managed in a tight budget environment. None of these
imperatives can be met through regulation per se.

Finally, the technological vigilance required to assure safety at
the DOE reactors cannot be generated from organizational struc-
ture alone. Within even a large, properly structured organization,
safety is a reflection of institutional commitment and capability.
Leadership at the policy-making level is essential, and dedication
to safety must permeate the Department of Energy. The DOE has
made recent strides in this direction, but those efforts need to be
bolstered, institutionalized, and sustained.
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Appendix A
Statement of Task

The National Research Council will undertake an assessment
of safety and technical issues raised by the nuclear reactor accident
at Chernobyl. The assessment will focus on the eleven Class A
(over 20 MWT) reactors operated by the Department of Energy.
These eleven reactors are the N Reactor at Hanford; the C, K, L,
and P production reactors at Savannah River; the Fast Flux Test
Facility at Hanford; the Experimental Breeder II and the Advanced
Test F.eactor at Idaho Falls; the High Flux Beam Reactor at
Brookhaven; and the High Flux Isotope Reactor and Oak Ridge
Research Reactor at Oak Ridge.

The committee of individuals expert in nuclear reactor safety,
risk analysis and assessment, and management of large production
and research programs, will carry out the review. The committee
will obtain the results of DOE's ongoing safety assessments of
production reactors and will receive briefings on what is known
about the Chernobyl accident. In addition, the committee will
respond to Secretary Herrington's request for public participation
by holding public meetings to receive ideas and information from
interested individuals and groups.

This Statement of Task is taken largely from the August 1986 contract
between the U.S. Department of Energy and the National Academy of
Sciences-National Research Council.
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The committee will report within nine months on matters of
immediate safety concern for DOE reactor design, construction,
and operation. It is expected that the committee will consider a
number of more generic, perhaps longer-term, safety issues that
arise from a more complete understanding of the Chernobyl acci-
dent; these will be discussed in a later report.
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Appendix B
Confinements: Technical Discussion

"Defense-in-depth" has been the safety philosophy adopted in
the United States for nuclear reactors [1]. Implementation of this
philosophy in large nuclear reactors has involved erecting multiple
barriers to the release of radionuclides into the environment. The
cladding on reactor fuel and the reactor coolant system itself are
the first two barriers, while the final and most robust barrier
in commercial nuclear power plants is the reactor containment
building. In the production reactors at Savannah River and at
Hanford, the final barrier is the reactor confinement.

Both reactor containments and reactor confinements are in-
tended to function as barriers to radionuclide release is the event
of a very damaging reactor accident that breaches all other bar-
riers. These two concepts function, however, in different ways.
Reactor containments are designed to retain all radionuclides re-
leased from the fuelradionuclides in both gaseous and particulate
formin a nearly leak-tight volume. Of course it is possible that a
particularly severe accident would breach the containment struc-
ture leading to unattenuated release of gaseous and particulate
radionuclides suspended in the containment volume. Determina-
tion of the probability and consequences of such extreme events is
an important aspect of the safety analysis of commercial nuclear
reactors [2-41.
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Confinement systems, on the other hand, control the flow of
effluents produced in a reactor accident so that they pass out of
the confinement along prescribed pathways equipped with features
to attenuate the release of radioactivity. The escape of gaseous
radionuclidesxenon, krypton, and especially, in the case of the
production reactors, tritiumis accepted in return for assurance
that even in a very severe accident there will be significant mit-
igation of the release of all other radionuclides. The damage to
health and property caused by release of these other radionuclides
is thought to be far greater than would be caused by release of the
gaseous radionuclides [5].

The confinement concept is acceptable in principle provided
the confinement has been designed to accommodate sufficiently
severe reactor accidents (see the discussion of commercial reactor
siting criteria in Appendix H). One advantage of the production
reactors is that their site boundaries are distant from the reac-
tors, so significant dilution of escaping, gaseous radionuclides is
possible during an accident. There is no compelling evidence that
mere adoption of the containment concept would substantially
improve the safety of the production reactors. The confinement
concept is equally viable. Indeed, there is much current interest,
particularly in Western Europe, in modifying the containments of
some commercial nuclear power plants so that during severe re-
actor accidents they would function much like confinements [6-8].
The "controlled venting of containments" was also proposed in the
reactor safety study of the American Physical Society in 1975 [39].

It is in the implementation of the confinement concept at the
production reactors rather than the concept itself that is cause for
concern. These concerns involve the following:

Performance of mitigation systems in the production reac-
tor confinements during severe accidents,

Capabilities of the confinement systems it the production
reactors to sustain loads arising during severe accidents, and

Confinement of routine and accidental discharges of con-
taminated liquid effluents.

The last of these concerns is discussed in Chapter 2 and in Ap-
pend' E. Concerns over the abilities of the production reactor
confinements to mitigate radionuclide releases adequately and con-
cerns over the ability to sustain severe accident loads are discussed
here.
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At both the Savannah River reactors and N Reactor, attenua-
tion of radionuclide release is accomplished by a filtration system.
The confinement systems at Savannah River are continuously ven-
tilated through a filtration system during normal and accident
conditions [9]. The N Reactor system is more complicated. In the
event of a rupture of the pressurized coolant system at N Reac-
tor, the confinement system is depressurized through large relief
vents. These vents are not equipped to attenuate the release of
any radionuclides suspended in the effluent. Automatic closure of
the vents and redirection of the flow through cells equipped with
filters are controlled by timers. The timing sequence is based on
hypotheses concerning large breaks in the reactor coolant system
[10].

In the committee's view, it has not been clearly established
that initial effluents produced during the course of an accident at
N Reactor will be sufficiently free of radionuclides so that direct
venting of confinement pressure wal make no significant contri-
bution to the radionuclide release from the r!snt. The various
manipulations of flow in the N-Reactor ci. ifinement were devel-
oped by hypothesizing a particular accident history, yet the com-
mittee is unconvinced by the available analyses that all accidents
will conform to this history. For example, accidents initiated by
the rupture of a single pressure tube and involving core degrada-
tion under pressure may not conform to dm design hypotheses.
Difficulties have been encountered with the timings sequence for
manipulating confinement flow for N-Re.tctor accident scenarios
only modestly different than those used to Aesign the system PI.

Even if the confinement flow manipulations at N Reactor are
satisfactory, questions remain about the ability of the filtration
systems both at N Reactor and at Savannah River to mitigate
radionuclide releases throughout an accident. The filtration sys-
tems of both confinements have been designed with a radionuclide
release in mind that conforms to the so-called "TID Source Term,"
[12] which involves the following assumptions:

Radionuclide Release During an Accident

Noble gases 100% (includes 3H)
Iodine 50% (as 12)
Other radionuclides 1% (as particles)

':' ,-,
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Based on this source term, the filtration systems at Savannah
River and N Reactor have been constructed to consist of three
elements:

1. A demister to remove suspended water droplets from the
effluent,

2. A high-efficiency-particle-air (HEPA) filter to remove ra-
dionuclides in particulate form from the effluent, and

3. A charcoal bed to absorb gaseous iodine from the effluent.

The designs have thus used the TID Source Term as a prescription
of not only the magnitude of the overall radionuclide release during
a severe reactor accident, but also as a prescription of the chemical
and physical forms of the released radionuclides.

Unfortunately, the TID Source Term was not formulated on
a technical foundation that makes it suitable for the design of
filtration systems. The TID Source Term was created at a time
when very little was known about radionuclide releases during re-
actor accidents. The source term was propounded as a supposedly
conservative upper bound based not on factors important for the
design of filtration systems but rather in relation to the potential
consequences of radionuclide releases. At the time that this source
term was propounded, the consequences of releases of iodine to the
environment were thought to be most severe, so extensive release
of iodine was hypothesized in order to compensate for ignorance
concerning the release of other radionuclides. The gaseous form
of iodine was prescribed based on a belief that this chemical form
would be the most difficult to attenuate.

Research on severe accident source terms has been extensively
pursued in connection with the regulation of commercial nuclear
power reactors [2,3J. This research has shown that source terms
produced during reactor accidents will be quite different than
hypothesized in the TID Source Term. The following points are
among the more important research findings:

1. Iodine release from degrading reactor fuel will be nearly
complete and may not be as iodine gas.

2. Release of radionuclides in particulate form can be greater
than the 1 percent release hypothesized in the TID Source Term.

3. Nonradioactive materials in particulate form will make
great contrilvtions to the effluent produced in a reactor accident.

Recently, tests I radionuclide release from heated fuel from

14
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TABLE B.1 Radionuclide Masses in Production Reactor Fuels

Mass (kg) in

SRP Mark SRP Mark N Reactor
16-B Fuel 31-A Fuel Fuel

Element [18] [18] [33]

Bromine 6.39 0.54 0 21
Rubidium 6.16 0.50 0.37
Tellurium 5.20 0.87 3.69
Iodine 2 43 0.56 2.20
Cesium 36.90 3.67 22.08

the Savannah River reactors have been conducted [131. These tests
show the following:

1. Iodine release is nearly complete.
2 Cesium, which in the confinement atmosphere will form

particulates, is extensively released from overheated fuel.
3. Iodine was found to deposit in association with cesium in

the test apparatus as though the iodine were in the form of Cs!
rather than 12 gas.

These findings are consistent with the findings of past tests and
models of radionuclide release from metallic fuels [14-161. Similar
tests of radionuclide release from N-Reactor fuel have not been
conducted, but are planned [171. During severe accidents at N
Reactor, the fuel will get at least as hot and will be exposed to
thermal hydraulic conditions at least as severe as Savannah River
reactor fuel [101, so similar results can be expected. These findings
show iodine could be in the particulate form, CsI, rather than
in a gaseous form (12 or HI) and could collect on the filtration
unit rather than the charcoal bed. But, of greater concern, release
of significant amounts of cesium, present in some fuels in masses
on the order of tens of kilograms (see Table B.1), substantially
increases potential particle loadings on the filters, threatening
their integrity.

There are many other sources of nonradioactive aerosol parti-
cles that could develop during an accident at these plants:

Particulates produced from the fuel and clad during heatup
in steam,
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Smoke produced by combustion of organic materials within
the reactor confinements 1191,

Coke formation when mixtures of H2, CO, CO2, and H2O
formed within the hot moderator block of N Reactor cool 1201, and

Boric acid produced by steam corrosion of boron carbide
[21].

Accidents at Savannah River that progress to ;le point at which
core debris interacts with concrete 1221 would yield formidable
quantities of aerosols 1231. Accidents involving the U30s-Al pow-
der metallurgical fuel currently under development (see the dis-
cussion of cermet fuel in Chapter 2 and in Appendix F) would
generate significant amounts of nonradioactive aerosol if metal-
lothermic reduction of the U308 by Al occurs 1241.

Analyses of the loading of particle filters during hypotheti-
cal accidents at the Savannah River reactors and at N Reactor
have not included considerations of nonradioactive particulates,
whereas the contributions of nonradioactive sources to aerosols
suspended in the reactor containment atmosphere are usually
found in the analyses of accidents at commercial nuclear power
plants to be overwhelmingly larger than contributions made by re-
leased radionuclides [35]. These nonradioactive aerosols, together
with greater than expected releases of radionuclides in particulate
form, would threaten to clog and rupture the filters. If the filter
system were to rupture, a large release of radionuclides from the
production reactors could occur.

Larger releases of radionuclides in particulate form might also
place unexpected heat loads on the filter systems. The design basis
for heat loads on filters at N Reactor assumes that only 0.1 percent
of the core inventory of fission products that would be released in
nonvolatile, particulate form will come to reside on the filters 1101.

HEPA filters used in the production reactor confinements are
quite efficient at removing particulate material from gas streams,
but they have limited capacities for handling particulate loading.
The pressure drop across an HEPA filter increases approximately
linearly with loading up to a critical value. As loading of the
filter with particulates increases beyond this critical value, the
pressure drop increases approximately exponentially with loading
as shown in Figure B.1. Studies of a variety of HEPA filters suggest
that filter loadings of 1.5 to 4.0 kg/m2 mark the onset of rapidly
increasing pressure drop [25], which leads to failure of the filters.

4 0
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FIGURE B.1 Pressure drop across a standard American design HEPA filter
as a function of particle loading (25].

This implies that the filters in N Reactor could sustain loads of 84
to 120 kg, at most. More conservative analyses by the contractor
at N Reactor suggest that loadings of no more than 10.8 kg would
be defensible [30].

Filter systems in the Savannah River reactors could sustain
loads of 32-48 kg of particulates in each filter compartment. In fact,
analyses of pressure drop data obtained following the source rod
accident at K Reactor in 1970 suggest that loads no larger than this
could be tolerated [26]. Data from this accident do, however, show
that particulate may also be collected on the moisture separators,
and the capacities and efficiencies of these devices as particle traps
are unknown.

At N Reactor, the mitigation of releases provided by the fil-
ters would be augmented by confinement sprays. It is claimed that

.0 ...... ,
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sprays would remove no less than 98 percent of the particulates
from the N-Reactor confinement. Upgrades for the Savannah River
reactors would make sprays available for operator actuation [18].
Sprays it commercial reactor containments are credited with high
mitigation capabilities [2,3]. Confidence in the mitigative capabili-
ties of sprays at the production reactors has been criticized by pre-
vious reviewers [27]. Indeed, the analyses of spray capabilities at N
Reactor must be viewed with some skepticism. The analyses were
performed using a commercial reactor computer code (CORRAL)
[28] that has been abandoned in the safety analysis of commercial
reactors in favor of more sophisticated models [2,29]. Parame-
terization of t le CORRAL code was based on tests appropriate
for containment [31] rather than the once-through flow of the N-
Reactor confinement. The analyses also hypothesized particulate
sizes of 5 to 15 pm. But the efficiency of spray decontamination
of particulate-laden gases is a strong function of aerosol particle
size, as shown in Figure B.2. Analyses for commere reactors, in-
cluding core degradation experiments [2,3], and ti experience of
the Chernobyl accident show that much finer particles, which are
less easily removed by sprays, could form during reactor accidents.
Experimental and analytical work, using analyses that reflect the
unique flow conditions that exist in the N-Reactor confinement,
needs to be done to dete nine whether the low collection efficien-
cies of the confinement sprays for small particle size aerosols would
still yield large factors of decontamination. These analyses should
also take into account that spray coverage of the N-Reactor con-
finement is not uniform. If particle-laden gases bypass the sprayed
regions, they will pass unattenuated to the filter systems.

The filter systems used at both the Savannah River reactors
and N Reactor are not especially strong. Pressure pulses sufficient
to rupture the filters are estimated to be 10 to 12 inches of water
(0.5 psi) [9,30,37]. These estimates are :.onsiste It with predic-
tions found in the literature [34]. Such pressure pulses would be
quite likely to develop in the course of severe reactor accidents.
As discussed in Chapter 2, hydrogen combustion, which need not
be intense enough to produce shock waves, could still produce
pressure pulses sufficient to rupture the filters and even the char-
coal beds used for trapping iodine. Parametric calculations for N
Reactor based on the modest hydrogen generation rates of the hy-
pothetical accident indicate the possibility of pressure pulses that
threaten filter integrity [38]. ::nus, bulk rupture might render the
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FIGURE B.2 Particle collection efficiencies for fog spray droplets at N Re-
actor as functions of psrticle size. (Calculations were made using models
from reference 29. Droplet size data are from reference 10.)

confinement filtration system, if not the confinement itself, inca-
pable of attenuating radionuclide releases. Bulk rup`ure caused by
pressurization from a hydrogen deflagration or detonation might
be especially troublesczae since such an event could also cause de-
posited, radionuclide-bearing aerosols to be resuspended [35,36].

NOTES

1. The first use of the term "defense in depth" as applied to
the safety of nuclear power plants seems to have been made
in the period 1964-1965, when the Regulatory Staff of the
Atomic Energy Commission was formulating the requirements
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Appendix C
Documents on Power Operating Limits at

Savannah Rive: Plant
NATIONAL RESEARCH COUNCIL

2101 Comwarin Aowyst Waylowes, D C 21118

COMMISSION ON PHYSICAL SCIENCES COMMISSION ON ENGINEEIUNG AND
MATHEMATILS. AND RESOURCES TECHNICAL SYSTEMS

COMM TEE TO ASSESS SAFETY AND
TECHM CAL ISSUES AT DOE REACTORS

March 9, 1987

The Honorable John S. Herrington
The Secretary of Energy
U.S. Department of Energy
Washington, D.C. 20585

Dear Secretary Herrington:

On May 13, 1986, you requested that the National A ldemy cf
Sciences and the National Academy of Engineering form a committee
to perform en assessment of the safety of the Department's major
production and rLsearch reactors. The Committee's effort is
underway, with a principal focus initially on the production
reactors at Savannah River and the N-reactor at Hanford. I am
uriting in response to a request by Under Secretary Salg.do at our
initial meeting that we bring any matters of immediate concern
promptly to the Department's attention.

As you know, the allowable reactor power limits for the
Savannah River reactors were decreased fact November based on a
reevaluation cf the adecuacy of the emergency cooling systems in a
severe loss cf coolant accident. As a result, the Committee has
exarined wnether accepzaDie fuel temperature .s likely to be main-
tained in sicn an aocicent. I am writing to set out the Commit-
tee's on tnis natter.

Based on interviews over several day:: with Du Pont and DOE
staff and tne review of dooumeLts made available to tne Commit-
tee, we are not aDle to conclude with confidence that significant
core carnage would De avoided :f tnere were a severe loss of cool-
art wnile the reactors are operatina at the currently
establisned power In our the reactors
sno...ld only ne cp,--rate'2 at power levels at which it can be con-
vincingly deon _rated that there will be adequate cooling cf tne
fJel cer tne entire duration cf tne transient.

we recom7end tnat tne Department examine this matter immedi-
atc_y and ectacilon an aggressive course of action for the snort
ter- to in:_re tne Lafety of t'le reactors :n a severe los' cf

a------ is c ---on, totn DOE arlF. DuPon: snoLld
.,c _a_.. c-idance a: acvice cn the matter in a

a--: fa:'_cn. Ovcr tne lunoer term :r2,-:reased

e ivr rc ,+ - vA. . r' 4i,, .w'iv Serowe A4 e'
1,1,len {" forMlels,11
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The Honorable John S. Herrington
March 9, 1987
Page 2

resources should be devoted to developing a more thorough under-
standing of the behavior of the reactors in a severe loss cf
coolant accident. Finally, prototypic experiments cr.e more
rigorous analyses should be undertaken to explore the pnenomena
that affect reactor behavior in such a situation.

The Committee will review this issue further and will discuss
it to more detail in its subsequent reports.

Sincerely,

Richard A. Meserve
Chairman
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Department of Energy
Washington. DC 20585

March 12, 1987

rel!low- rve:

The Department has received your letter of Mhrdh 9, 1987. I

appreciate your early expression of concern about the adequacy of
emergency core cooling systems, should there be a severe loss of

cooling accident at one of the Savannah River reactors.

I have asked Assistant Secretary Mary Walker to establish an
action plan to examine this matter as expeditiously as possible.
To aid us in understanding your parti.ular concerns, it would be
helpful if seMbers of your ccerttee mild brief DOE staff as
soon as possible. Ms, Walker will contact you to arrange the

briefing.

Yours truly,

Joseph F. Salgado
Under Secretary

Richard A. Meserve, Chairman
Committee to Assess Safety and

Technical Issues at DOE Reactors

National Research Council
2101 Constitution Avenue, N.W.
Washington, D.C. 20418
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Department of Energy
Washington, DC 20585

May 5, 1987

Mr. Steve N. Blush
Study Oirector

National Academy of Sciences
Office 271

2101 Constitution Avenue
Washington, DC 20418

Dear Mr. Blush:

This letter responds to your telephone request to Marilyn Smith for infor-
mation on the 00E's review of the power levels selected for the Savannah
Rive, Reactors to meet the National Academy of Sciences' and the National
Academy of Engineering's concerns expressed in Mr. Meserve's March 9, 1987,
letter to Secretary Herrington. My office organized an effort under the
leadership of W. W. Kinney, Acting Branch Chief of the Reactor Safety Branch
in the Office of Nuclear Safety, who was assisted by a team of three inter-
national experts in emergency core cooling. The team's report is documented
in a letter dated April 6, 1987, from P. North, Manager, Nuclear Reactor
Research and Technology, EG&G Idaho, Inc., to R. E. Tiller, Director,
Office of Special Programs, 00E, Idaho Operations Office (see enclosure 1).

Based upon the results of the team's assessment of the methodology used to
establish the current permissible power level, we consider that the current
operating power levels include conservatisms with respect to possible fuel
damage in the event of a large break loss-of-coolant accident. The EH staff

also had a number of recommendations (see enclosure 2) with respect to tila
continuing analysis of the power limits for the reactors. These recommen-
dations are being implemented by the Office of the Assistant Secretary for
Defense Programs. We will be pleased to provide you or the committee with
additional information as necessary.

2 :nclosi es

Sincerely,

/

Mary L. Walker
Assistant Secretary
Environment, Safety and Nealth

ivJ
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INEL
April 6, 1987

Hr. R. E. Tiller, Director
O'fice of Special Programs
Idaho Operations Office - DOE
Idaho Falls, ID 83401

REVIEW OF METHODOLOGY USED IN SAFETY ANALYSIS OF THE SRL PRODUCTION
REACTORS

Dear Mr. Tiller:

On March i4 and 25, 1987, Per. John Liebenthal and Dr. Victor Ransom of
EG&G Idaho, Inc and Mr. Kenneth Moore, of Scientech, accompanied Mr.
William Kinney, of DOE-EH, to Savannah River Laboratories for the purpose
of reviewing safety analysis that had been used to set conservative
operating power levels for the SRL production reactors.

A summary of the review with conclusions and recommendations is attached.
The team agreed that the current operating power levels included
significant conservatisms with respect to possible fuel damage in the
event of a large break LOCA. However, significant uncertainties exist
with respect to the cooling process under low ECCS flows. In view of

these uncertainties, it is recommended that the limiting case cooling
analyses be completed and reviewed. Additional recommendations are made
relative to future efforts to quantify safety margins.

AM)

Attachment
As Stated

cc W Kinney, DOE -EH
K Moore, Scientech

ery truly yours,

I r)

P. North, Manage
Nuclear Reactor Research

.nd Technology

P 0 flos 1625 Idaho Fells 1013415
'a'd 1 APRoc
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0EGKI3 Idaho

INTEROFFICE CORRESPONDENCE

Date March 30, 1987

To J. O. Zane

From J. L. Liebenthal, K. V. Moore, and V. H. Ransom

&Aviv REVIEW OF THE METHODOLOGY USED IN SAFETY ANALYSIS OF THE SRL
PRODUCTION REACTORS - Rans-18-87

Introduction

A technical review team consisting of Mr. John Liebenthal and Dr.
Victor H. Ransom, EG&G Idaho, and Mr. Kenneth J. Moore, Scientech,

accompanied Mr. William Kinney, DOE-EH, to The Savannah River Laboratories
on March 23, 1987 and met with SRL persomftl on March 24 and 25, 1987.
The purpose of our visit was to review the rationale used to analyze the
response of the SRL production reactors to a large break LOCA. At the
time of the review, the reactors had been reduced to approximately 50%
power levels as a result of safety concerns expressed by the National
Academy of Science. The objectives of the meeting were to review the
methodology used to establish the current operating power levels, to
review the procedure proposed for establishing power levels for operation
over a 90 day period, and to comment on the approach proposed for
establishing higher operating power levels to be implemented at the end of
90 days. The findings and opinions of the EG&G Idaho and Sertech
Personnel are summarized in this report.

The National Academy of Sc:erm., review group had previously expressed
concern with regard to the ability to cool the reactor fuel and/or target
assemblies using emergency core cooling in the event of a 200% double
offset shear cold leg break accompanied by an additional failure of one
ECC circuit, i.e. only one of the three ECC cooling circuits is assumed
available. The safety criterion that had been used to establish operating
Power levels, prior to review by the National Academy of Science, was that
the maximum fuel temperature could not exceed the melting point of the
aluminum cladding. The current operating power levels were set using a
more conservative criterion that no net boiling would occur in any
assembly, i.e. that the coolant outlet temperature would be 100 degrees C
with no net steam production. This criterion was selected in order to
avoid the possibility of counter current flow limiting (CCFL) at the top
of the fuel and target assemblies, which was postulated by the National
Academy of Science as a mechanism that could lead to fuel heat up and
damage.

-"reekig ~an* and development sendoen So the povernmenC

1 Fi
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System Description

A brief description of the Savannah River Reactors will be given here in
order to facilitate explanation of the conclusions that are subsequently

described. The reactors have aluminum clad enriched U235 fuel in the form

of concentric cylinders. Each fuel assembly consist; of three concentric
cylinders that are approximately 4 inches in diameter and 12 feet in

length. Target assemblies consist of two concentric aluminum clad
cylinders of either U238 or Al-Li alloy that are also approximately 4
inches in diameter and 12 feet in overall length, but are made up of a
train of 8 inch long slugs. The core consists of 600 fuel and target
assemblies arranged in a hexagonal array consisting of a fuel assembly
surrounded by six target assemblies. The fuel and target assemblies are
both convectively cooled by circulation of the heavy water which also is

the moderator. The heavy water is circulated through the core by six
symmetrically arranged coolant loops each containing a pump and heat

exchanger. Three of the cooling loops include provision for injection of
light water as emergency core cooling in the event of a LOCA. The
topology of the cooling system is such that the cooli ) water is
introduced at the top on the reactor through a plenum and flows down
through the 600 fuel and target assemblies and exits into the reactor
tank. Pump suction lines are attached at the tank bottom and the coolant
is pumped through heat exchangers, cooled by river water, and reintroduced
at six equally spaced circumferential locations into a distribution plenum
that is 8.5 inches high and 10 feet in diameter. The reactor power level
is controlled by control rods that enter the reactor core from the top.

Postulated Accident Scenario

The postulated accident of concern is a large break LOCA in which one of
the six reactor inlet cooling pipes suffers a double offset shear break
In particular, one of the three inlet pipes that contain ECC injection
provision is assumed to break. Moderator/coolant is lost out the break
due to draining of the upper plenum and due to pumping out the pump
discharge line (there is litt'e or no blowdown since the reactor operates
at low pressure). With one ECC system supplying coolant to the reactor,
the system reaches an equilibrium condition after approximately one minute
in which the tank level has dropped to a depth of approximately 18 inches
and air from the tank is entrained into the pump suction lines (air flows
into the reactor vessel through vacuum breaker valves). The mixture of
water and entrained air (estimated by DuPont to be 5% air by volume) is
pumped to the upper plenum where flow stratification occurs and water
flows into the fuel and target assemblies as a result of gravitational
head only. Water flows from the plenum out the broken inlet pipe and air
will flow in or out the break depending on the amount of air entrained in
the assembly coolant flows. Additional water and air are discharged from
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the system out the broken pump discharge line. The point of minimum water
level in the upper plenum, and consequently also the point of minimum
coolant flow, occurs at a point between the break and the center of the
core. Thus, the limiting assembly, i.e. the one with the greatest ratio
of decay heat power to coolant flow, also occurs nearby. The limiting
assembly establishes the maximum reactor operating power level since the
decay heat power is almost in direct proportion to the operating power
level.

There are two time periods after occurrence of a LOCA in 1.71ich ability to
cool the fuel and/or target assemblies is a concern. The first occurs in
the 0 to 12 s time period and is the result of a coupled fluid-thermal
instability in which fuel heat up occurs due to reduced coolant flow under
conditions of net vapor production. The second period occurs between 40 -
60 s after LOCA occurrencA and is the point at which the decay heat power
to cooling capacity ratio is a maximum and thus is the time at which the
maximum fuel/target temperature and coolant outlet temperature result in
the limiting assembly. When the no bulk boiling criterion is employed,
the most limiting condition occurs during this second period. Thus, most
of the discussion in this review concerns the methods used to predict the
coolant flow rate to the limiting assembly and the ability of the
resultant coolant flow to effectively cool the assembly.

Methodology Assessment

The methodology that was used to establish the current permissible power
levels is based on empirical and analytical estimates for the decay heat
Power, available coolant flow, and heat transfer conditions in the
limiting assembly. The methods used to establish each of these factors
will be discussed relative to the degree of conservatism that is
included. The term "best estimate" is used in the sense that the most
probable result would be predicted. The term "conservative" is used
herein to mean more conservative than "best estimate."

The decay heat power was established using the 1973 ANS standard which is
a best estimate value. Present NRC practice is to obtain a conservative
estimate for decay heat power is to use a 1.2 multiplier on the ANS
standard. Less restrictive best estimate methods for decay heat power are
currently under review by NRC, but are not yet approved. An additional
difference between the SRL reactors and the basis for the ANS decay heat
standard is that the SRL reactors breed Pu239 and contain fission products
of Pu239 while the ANS standard is based on fission of U235. DuPont
stated that they had looked at this effect and concluded that the ANS
decay heat model was conservative. The method used to estimate decay heat
power is a best estimate model.
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The method used to establish the coolant flow to the limiting a .mbly was

based on empirical data gathTred in full scale tests of the reactor system
with one coolant pump not operating. These data were used to establish
flow coefficients for 'he SRL FLO0084 code which in turn was used to
pred.ct flows to individual assemblies under conditions other than those
corresponding to the tes: conditions. This procedure does not include
additional coaservatisms to accot for variations due to data inaccuracy,
effect of break location on coolani. loss, effects of uncertainties in .he
amount of entrained air in the recirculated flow, etc. Therefore, tnis
model results in a best estimate prediction for the coolant flow to the
limiting assembly.

The degree of conservatism of the method used to estimate the channel-to-
channel flow division and the associated cooling effectiveness is
difficult to judge. The experi^ental data taken on channel-to-channel
flow division had a very wide scatter and a two-sigma low value was used
even though lower values of flow to the outermost channel were actually
measured. The cause of the wide dispeAsion in the measured flows is not
known and could be due to experimental procedure or a real effect. Thus,

the use a two-sigma low value may not result in a conservative es, mate
for the low flow since approximately 60 assemblies are located in the area
of low upper plenum level. This exceeds the nimber of data points used to
establish the two - sigma low limit and it is pcssible that the lowest
measured flow could occur. A more conservative estimate for the percent
of assembly flow going to the outer annuli would be the lowest value
measured, i.e. aPPr^ m.Lely 10% rather than 12%. The method that was
used yields an estimate for the flow to the outer channel of the limiting
assembly that is between a best estimate and a conservative value.

The deg -ee of conservatism in the heat transfer calculation used to
determi;e the bulk temperature rise is also difficult to estima:e. The
flow in the outer annuli is undoubtedly significantly maldistributed in
view of the wide scatter in the channel-to-channel flow division.
Maldistribution will result in nonuniform heat transfer in contrast to the
uniform assumtion used in the cooling calculations. Fur a fixed coolant
flow to the limiting channel, the mast probable situation is that
maldistribution will he present which will result in locally higher will
temperatures than would be the case with uniform heat transfer. Most
likely, any energy not absorbed by the coolant in the limiting channel
will be distributed to the other cooling channels by conduc on without
excessive fuel temperature. However, heat transfer analyses for the most
limiting configuration, the MK31A target assembly, und, conditions of
coolant maldistribution were not presented. The assumption of uniform
heat transfer in the limiting channel yields fuel temperature estimates
that are less conservative ttln a best estimate model that includes
maldistribution.
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Additional conservatism was added explicitly by reducing the maximum
operating power level determined using the no boiling in the limiting
assembly criterion, by an extra 5% and through the use of simple power
ratios established by a detailed limits analysis using the s.-v inus no
fuel damage criterion. DuPont estimated that an additional 18 to 34
percent in power margin existed as a result of this procedure.

Conclusions

In summary, review of the conditions under which the SRL produ:tion
reactors are currently being operated indicated that power marit-s
probably exist compared to a best estimate cal:ulation of the limiting
power. However, uncertainties with respect to the heat transfer process
in the limiting assembly continue to exist. Specifically, uncertainties
with respect to the heat tr sfer effectiveness in a channel that is
greater than 90% void and u r condi' is of circumferential coolant flow
maldistribution. Neither !rimental Late nor detailed calculations were
presented that demonstrate 'at conling adequate to prevent local fuel
damage is achieved. Relate seat ansfer studies on the ability of the
fins on the MK16 fuel to cono ! decay heat between adjacent
cylindrical fuel elements were esented in order to support the
contention that adequate cooling could be achieved. Mental extrapolation
of these results to the case of a MK31A target assembly, in which assumed
maldistribution of the coolant would require the decay heat to be
conducted circumferentially over approximately one half of the
circumference of the target ring, indicated that clad melting probably
would not occur.

In our opinion, the analysis that has been made to support the current
operating power levels contains ad hoc procedures, lacks consistency, and
lacks detailed independent review. While we believe that the current
operating power levels contain adequate conservatisms, Lased on the
material presented by the DuPont personnel, we would not recommend any
increase over tho current operating levels until a consistent analysis of
tht decay heat removal process is completed, documented, and reviewed.

Recommendations

In addition to the comen,t that have been made, the following specific
recommendations are offered:

I. The mechanisms that are responsible for the large variation in

the measured channel-to-channel flow distribution need to be
understood. In ;articular, some of the variation may be due to
manner in which the experiments were conducted which introduces
loinecessary penalty. Conversely, if the observed variations are
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due in :ome manner to the physical assembly, then the minimum
observed flow may be real and would, therefore, be the
appropriate value to use rather than a two-sigma low.

2. The accompanying circumferential flow distributions in the
coolant channel need to be established or a worst case analysis
needs to be incorporated into the limits analysis meth000logy.

3. A detailed conduction and convection heat transfer analysis of
the fuel and target elements under conditions of assumed coolant

maldistribution should be carried out as soon as possible.

4. Sensitivity studies need to be incorporated into the methodology
used to set power levels so that safety margins can be better
quantified.

5. An independent safety study should be undertaken by an
independent team skilled in the methods used in LWR safety.

6. The detailed analysis of plenum flows should be continued.

7. Development of an integrated safety analysis capability based on
existing LWR technology is strongly encouraged. The TRAC-8D1
computer code is recommended as a starting point since this code
already has many of the modeling features needed to simulate the
SRL production reactors.

cc: R. L. Benedetti
P. North

hn L. L nthal

anager of Chemical and Process
Engineering

Kenneth V. Moore
scientech, Inc.

, Lie.--rt__
Victor M. Ransom
Scientific and Engineering Fellow
Nuclear Reactor Research and Technology
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EH Review of Methodology Used by Savannah River Operations Office (SR) in
Meeting Na Bulk Boiline Criterion in the SR Production Reactors

S. R. Foley, OP-I

Reference: Memorandum from Mary L. Walker to Joseph F. Salgado. "Resolution
of Concerns about Savannah River :mergency Core Cooling Systems,"
dated April 1, 1987

The purpose of this memorandum is to present the conclusions and
recommendations of the EH team which performed ar independent review of the
safety basis for the reduced power levels for the Savannah River Plant (SRP)
production reactors established by SR to satisfy the no bulk boil upon loss-
of-coolant-accident (LOCA)" criterion.

On Marc. 20 and 21, 1987, du Port prepared, and SR approved, power levels
intendea to assure that no bulk boiling of emergent/ cooling water would occu
under double ended pipe break LOCA conditions with only one of three emergenc
core cooling systems (ECCS) lines functional. On March 24 and 25. 1987, the
subject review was performed by technical experts Dr. V. H. Ransom and
Mr. J. L. Liebenthal of EG&G Idaho, and Mr. K. V. Moore of Scientech, Idaho
Falls, and Team Loader W. W. Kinney. of the Office of Nuclear Safety.
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Attachment 1

EH Staff Recommendations

The following recommendation applies only to the establishment of the power
level limits based on the criterion of no bulk boiling.

1. Have an independent group conduct a review of the technical bases for
future increases in the power limits which would comply with the no bulk
boiling of emergency cooling water criterion. (See team recommendation
5.)

The following four recommendations, with appropriate scopes, apply both to:
(1) the establishment of power limits based upon the criterion of no bulk
boiling, and (2) the subsequent reestablishment of power limits based upon the
criterion of no assembly damage with limited boiling.

2. Determine the mechanisms that are responsible for the large variation in
the experimentally measured channel-to-channel flow distribution under low
coolant flow conditions. (See team recommendation 1. for further informa-
tion.)

3. Either establish the :ircumferential flow distributions in the coolant
channel under the low flow conditions or incorporate a worst-case analysis
into the limits analy;is methodology. (See team recommendation 2. for
further information.)

4. Carry out retailed conduction and c- 'ction heat transfer analysis of
fuel and .arget assemblies under low coolant flow conditions with assumed
coolant Li distribution. (See team recommendation 3.)

5. Incorporate sensitivity studies into tne methodology used to set power
levels to permit better quantificatiol of safety margins. (See tean

recommendation 4.)

The following two recommendations apply only to the reestablishment of power
limits based upon the criterion of no assemoly damage with limited boiling.

6. Have an independent group skilled in methods used in commercial light
water reactor (LWR) safety analyses conduct an indept,Ident study of the
cooling process under the design basis LOCA conditions to verify the
du Pont analyses. (See tean recommendation 5.)

7. Develop an integrated safety analisis capability based on exist4ng LWR
technology. Use the TRAC-BDI compater code as a starting point since this
code already has many of the modeling features needed to simulate the SR
Plant production reactors. (See team recommendation 7.)

:H al.o supports the continuation of the detailed analysis of plenun flows
currently being conducted by du Pont. (See tean reconnendation 6.)
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Undid States Government Department of Energy

memorandum
APR 2 4 1987

mommto
Amoy. EH-332.1

cr OHS Review of the Savannah River (SR) Action Plan to Respond to Concerns
About Emergency Core Cooling System Capability of SR Production Reactors

TO 'Charles D. Simpson, DP-13

On April 16, 1981, you provided to the Office of Nuclear Safety (ONS) for
our review a copy of a draft of DuPont's 'Action Plan to Respond to
Concerns About SR Emergency Core Cooling Capability" dated April 14, 1987,
which was sent to John L. Meinhardt, DP-10, by R. L. Morgan, Savannah River
Operations Office, for concurrence. Under the leadership of W. W. Kinney
of my office, we put together a team of ECG experts including Dr. V. H.
Ransom and Mr. J. L. Liebenthal of EG&G, Idaho, and Dr. L. J. Ybarrando and
Mr. K. V. Moore of Scientech to review the DuPont action plan.

These gentlemen were familiar with the concerns about the capability of
the emergency core cooling systems (ECCS) of the SR production reactors.
Dr. Ybarrando participated In the EH Design Review of the reactors in
November 1986, and reviewed the design and analysis of the ECCS. Dr. Ransom
and Messrs. Liebenthal and Moore on March 24-25, 1987, assisted ONS in
reviewing the methodology used by SR in meeting the no bulk boiling of
emergency cooling water upon LOCA' criterion imposed by Under Secretary
Salgado on M:rch 20, 1987.

In order to meet your requirements for comments by COB on April 24, 1987,
we have attached an advance copy of tne report resulting from the review of
the DuPont action plan. The cornents are substantive, and we request that
the plan be appropriately revised in consideraticn of the comments. We
conclude that the action plan does not provide a clear definition of the
objectives, strategy, and details needed to provide a well planned and
executed solution to the current ECC questions. We underscore the
recommendation that further development of the action plan be assisted by
individuals experienced in resolving similar problems.

As previously mentioned, on March 24-25, 1987, Dr. Ransom and Messrs.
Liebenthal and Moore, along with W. W. Kinney of ONS, reviewed the
methodology used by SR in meeting the 'no bulk boiling of emergency cooling
water upon LOCA' criterion. The EH staff recommendations which res%'ted
from this review and the report providing the team's conclusions and
recommendations also pertain to the action plan and should be considered In
any revision of the subject action plan. These are being transmitted
separately relative to the selection of the current power levels. However,
in order to facilitate actions on the subject action plan, we are attaching
copies of these documents.

1.73
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With regard to the SR 'ECS Action Plan/DOE Overview Activities.' which was
included with the DuPont action plan. ORS wants to reinforce SR's intent
to have independent groups conduct reviews of the technical bases for any
considerations of future increases in power limits under the action plan.

Thank you for the opportunity to review the sub ect t n plan.

IR rt W. ber

/Director
Office of Nuclear Safety

Attachments
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21 APRIL 1987

Mr. R. E. Tiller, Director

Office of Special Programs
USDOE

Idaho Operations Office
Idaho Falls, Idaho 83401

Subject: Review of Action Plan for Savannah River ECCS, YBR-253-87

Dear Mr. Tiller:

Ar requested, Dr. V. Ransom and Mr. J. Liebenthal of EG&G, Idaho and Mr. K.
V. Moore and I of SCIENTECH have reviewed the Savannah River Action Plan on
severe LOCA transient uncertainties. Particular attention was placed on the
actions planned by Du Pont for the ECCS related technical issues.

Our team evaluation of the action plan is contained in Attachment 1 to this
letter.

If we can be of any further service in this important matter, please contact
us.

Sincerely,

L. J. Ybarrondo, PhD
President

cc: Mr. R. D. Lease, DOE-ID
Mr. R. W. Barber, DOE-HQ
Mr. J. O. Zane, EG&G, Idaho
Dr. V. Ransom, EG&G, Idaho

Mr. J. Liebenthal, EG&G, Idaho
Mr. K V. Moore, SCIENTECH, Inc.
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ATTACH. 1 TO YBR-253-87: SRP ACTION PLAN 4/23/87

1.0 Introduction

The team was asked to evaluate a 14 April 1987 draft entitled, "ACTION PLAN
TO RESPOND TO CONCERNS ABOUT SR EMERGENCY CORE COOLING CAPABILITY ". The
subject action plan presents a program to respond to concerns about the
effectiveness of emergency cooling following a severe LOCA in a Savannah
River Plant (SRP) production reactor. These concerns were expressed by the
Design Performance Review team in November 1986 and the National Academy of
Sciences SRP review panel in a March 9 letter to Secretary Herrington.

The Design Performance Review team noted that the accident analysis tools in
use are outdated and recommended they be completely modernized immediately.
Further, if the ongoing PRA showed that the ECCS was a critical component of
safety risk then the ECCS should be tested in the C reactor or another
suitable place. The National Academy of Sciences review panel stated, " We
are not able to conclude with confidence that significant core damage would
be avoided if there were a severe loss-of-coolant accident while the reactors
are operating at the currently established reduced power limits." The
conclusions of both panels are similar. The subject action plan is intended
to address the above concerns.

The power of the SRP reactors was restricted further on March 20, 1987. On

March 24 and 25, 1987, Dr. Victor Ransom, Mr. Kenneth Moore, and Mr. John
Liebenthal, along with Mr. William Kinney of Environment, Safety, and Health
(DOE-HQ) reviewed the methodology used in the safety analysis that was used
to set the power levels. SRP'S plan is to develop more accurate methods,
improved analysis and data, and to verify and use other criteria in order to
raise the power levels. The current review team, who all participated in
previous reviews of the SRP safety methodology, were asked to review the
duPont action plan on April 21, 1987.

The scope of the review of the action plan encompasses the plan objectives,
proposed methodology for accomplishing objectives, plan organization,
schedule and resource credibility, evidence of planning depth, evidence of
management commitment to the plan, assessment of requisite technical depth
and understanding of the technical issues. In the several days available for
this initial review, the team's evaluation is confined to a top level of
scrutiny. We believe this is adequate to asses; the action plan presented.

The methodology used by the team to review the action plan was to
have each team member concentrate in the area(s) of his expertize. During
evaluation of the action plan each team member, as appropriate, considered
the following classes of attributes to determine if the action plan
adequately addresses these important attributes: Safety, Operations, Design,
Costs, Regulatory Requirements, and Administration.

There are major subdivisions that one can consider within each class.
However, it was not necessary to delve into that level of detail for the
summary action plan presented.
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1.1 Organization

The subsequent portion of this report has been divided into two major
sections. Overall comments on the action plan are presented in Section 2.0
and specific technical comments are presented in Section 3.0. In eae.
section, the comments are referenced to the relevant section of the m.tion
plan as appropriate.

2.0 Overall Comments

2.1 The need that duPont feels to increase the power level of the reactor as
expediously as possible is understood by the team. However, the team
believes that the effort to resolve the concerns about the ECCS and related
issues is being diluted by mixing in the t.-ae to increase power with the
safety concerns. In other words, the concern about the performance of the
ECCS and related safety issues is the cause of the power reduction. Resolve
the cause of the problem and the symptom, power reduction, will be resolved
also.

2.2 The problems or concerns to be resolved by the action plan are not
clearly and explicitly stated. We suggest that the authors of the action
plan clearly and explicitly enumerate the concerns to be resolved and confirm
with the groups expressing them that there is agreement on the concerns to be
resolved. This will help to minimize misunderstandings and open-loop
research, focus the issues to be resolved, and aid in confirming when
resolution is accomplished.

2.3 The overall and supporting objectives are not clearly stated. We
suggest that the authors of the action plan concentrate on defining and
stating these such objectives clearly and succinctly. The credibility of the
Performance Requirements and technical specifications for the resolution of
the concerns expressed about the ECCS and related issues will follow directly
from how well the objectives are formulated.

2.4 The action plan is really not a plan so much as it is a list of tasks to
be accomplished in order to achieve higher reactor power. For example, the
action plan is a start but it is not specified adequately as to performance
requirements, and related technical specifications. Further, the information
requirements for and interrelationships between the various supporting
analytical and experimental tasks is absent.

2.5 The "PROGRAM ELEMENTS" described in the APPENDIX to the action plan are
an initial step. However, the review team believes that, in general, it is
not possible to assess the credibility of the program elements presented
because:

-times for critical tasks such as element 4.2, are underestimated;

-material resources essential to accomplishing a task such as computer
dollars for element 4.3 are absent--they may be quite substantial;
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-consistency between program element definition varies;

-responsibility for program element performance appears to be assigned to
several individuals which, if true, would not be proper;

-the sequencing between some program elements does not seem logical. For

eiample, see program elements 3.1 and 4.2. Normally, one would select models
to be validated before designing and conducting experiments. Perhaps there
is an explanation for such sequencing. If so, it would be good to state it.
Unless a full demonstration test on the SRP system is contemplated, it is
crucial that the analysis and experimental efforts be closely integrated in
order for the plan to be credible.

2.6 It would be beneficial in evaluating the overall credibility of the
action plan if a statement on the overall scope, manpower, and resources
required are given.

2.7 The review team believes it is essential that a comprehensive
independent safety assessment take place. This means a separate group of
analysts should be used to literally conduct the important analyses and
independently verify the duPont work.

2.8 A comprehensive, integrated system transient analysis should be
developed. The current lack of such an integrated capability inhibits the
ability to properly identify and and assess the importance of interrelated
physical phenomena.

2.9 In summary, the action plan is recognized as a reasonable start in the
short time in which it was developed. At this point , the action plan is not

yet well defined or integrated. If used in its present state, the objective

duPont desires to achieve may be accomplished inefficiently or, worse yet,
not at all. We suggest that use of some personnel experienced in resolving
the subject concerns in the further development of the action plan will be
beneficial.

2.10 The review team was asked to comment on whether the action plan was
siitable for presentation to the Advisory Committee on Reactor Safeguards
(ACRS). Of course, we cannot presume to speak for ACRS. But, based on our
experience in making presentations before ACRS and in acting as consultants
to ACRS, we suggest that the action plan needs improvement as suggested
move before a presentation to ACRS would be worthwhile.

3.0 Technical Comments

3.1 General Technical Comments

In general, the program elements are useful in working toward the evaluation
of the LOCA accident and reducing its effects. The system improvements that
are proposed are the most useful in that they could produce improvements in
safety margins whether or not the margins are now acceptable.
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There is not enough detail in many of the program elements to assess whether
they are well directed toward their objective. Some of our detailed comments
address desirable aspects of the program elements that are not explicitly
described.

It is not apparent from the plan how the Best Estimate procedure for safety
analysis as opposed to the Conservative approach is to be implemented. The
plan seems to contain elements of both approaches and we believe it is
necessary to lay out the philosophy of the approach to be used before a
comprehensive supporting plan can be furmulated.

The plan addresses the issue of ECCS Performance Criteria when the limits are
based on core damage, but it is our opinion that the current criteria of no
bulk boiling also requires added quantification. Specifically, the
permissible fuel/target temperatures that are acceptable under :onditions of
coolant maldistribution require specification.

From an overall viewpoint, the plan makes several references to single phase
conditions during the LOCA transients. While the coolant remains in a liquid
state below the boiling point, it is (mtpletely misleading to assume that
this no boiling criteria "..approach simplifies considerably the transient
analysis..'. During the majority of the LOCA transient, the reactor systen
is composed of some quantity of air mixed in some manner with the coolant.
This multi-component composition of the cooling fluid is in most aspects at
least as difficult a problem to analyze as are the steam-liquid water
conditions in commercial power plants. MultiPcomponent coolant composed of
non-condensable air mixed with liquid heavy water presents a high degree of
difficulty in transient fluid flow and heat transfer analysis.

The plan contains several elements that address the early stages of the
accident, the flow instability phase. This was not discussed in detail in
the last review. The effect of system variables on flow instability and
recovery should be detailed in support of the elements.

In certain cases, it may be better to consider doing subscale experiments
rather than or in addition to detailed analysis. A particular case that
illustrates the point is the distribution of levels and associated assembly
flow rates in the upper plenum. Sub scale experiments could be used to
assess the levels and flows under prototypical conditions, including assumed
break geometries. It is quite possible that such tests could be performed in
a shorter time, at less cost, and with greater resultant credibility than for
detailed multidimensional calculations. In this way transient conditions
could be addressed as well as the steady state flows. In any event such
tests would provide more comprehensive assessment of the analytical methods.

A key point is that perhaps the most important factor as far as enhanced
credibility of tne safety analysis, that is an independent safety assessment
effort by personnel skilled in LWR safety analysis, is not addressed in the
reference plan.
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3.2 Technical Comments-subtasks

Detailed comments on program elements, listed by program element number
follow. Only those elements on which we have comments are listed.

1.1 Performance Objective of ECS for Hypothetical LOCA

This is desirable. Outside resources should include a representative from
NRC.

2.2 Annular Flow Distribution Measurements

The purpose is to improve the understanding of low annular flow distributions
for heat transfer to the coolant. These are unheated tests and while
certainly needed, the additional aspect of high void heat transfer is also
needed.

This element tests two hypotheses, tank level and spider orientation, for
maldistribution. These tasks are complete, and if a thorough understanding
of the sources and the error bands on the flow distribution has not been
achieved, more work should be done. The circumferential and temporal
distributions should be determined. The nature of the data scatter, whether
it is statistical or phenomenological should be determined. This is
necessary to resolve whether a statistical bound or a phenomenological lower
limit for flow must be used.

2.3 Decay Heat Power Analysis

See proposed NRC regulations for methods on treating uncertainties.

2.4 Review of Experimental Bases for FLOOD

The stated benefit of "Confirmation of steady-state results.." is not
necessarily compatible with the goal of obtaining "..minimum ECCS flows..".
Transient conditions may result in zero flow on a temporary basis.

2.5 polybor Temperature Effects on Limits

If the polybor temperature represents a major determinant of reactor power,
we would like to uoderstand more about it.

Iter 3. Assembly .low and Heat Transfer

The "enhanced understanding" of heat transfer and hydraulic characteristics
should also include the effects of multi-component coolant in addition to
bulk boiling. Ai,z.ibly heat transfer with air water mixtures during the
reflood phase may lot be amenable to the use 3f existing correlations. The
program should include verification of the heat transfer correlations used
during the reflood phase. If there is not sufficient data presently to

44 44'
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assure that the correlations are accurate, then heat transfer tests should be
performed with heated assemblies and accurate simulation of the
air/water/steam conditions in the reflood phase of the LOCA

3.1.1 Annular Coolant Flow Maldistribution

See comment on element 2.2. The element is essential to assessing the safe
power regardless of the other elements. It is presumed that this is the
element that contains the Steam Induced Diversion of ECCS that concerned the
NAS panel. Solution of that concern deserves more description.

3.1.2 Assembly Component Changes

This is desirable both for ECCS and for flow instability, and may be useful
for other limits that impact pressure boundary integrity. Without a
statement of the ECCS modifications, we can not comment on the specific
approach.

3.2 Flow Instability and Recovery Experimental Studies

If there is serious uncertainty about the mechanism of flow instability, this
an important element.

3.3 Analysis of L Area Tests

What is this element?

3.4 Plenum Distribution Measurements

The fluid behavior in the upper plenum is obviously very complex due to the
mass of internal hardware and the unique geometry of the plenum. Most of
duPont's analyses have been based on water distributions within the upper
plenum that were determined in experiments somewhat similar to the conditions
to be expected during a LOCA, but the data is for steady equilibrium
conditions that probably would not be present during the early time periods
(tens of seconds) of an LOCA. It is not unreasonable to imagine that the
water in the plenum would be distributed in a somewhat chaotic manner of
splashing and surging around the plenum thus creating a condition of
temporarily uncovering various assemblies. The total im_itory of water in
the plenum is such that the central region only has two inches of coolant
covering the entrance ports of the hot assemblies on an equilibrium basis.
It is easy to speculate that the depth could vary significantly in transient
conditions.

We believe that it is important to understand transient effects in the plenum
and their impact on predictions derived from steady state tests. It should
look at gas and vapor deentrainment, at "sloshing" in the plenum, and at
channel vapor flow and pressure transients. The determination of transient
flow distributions in the plenum are very important and experimental data for
this is deemed necessary.
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3.5 Pump and Heat Exchanger Performance During LocA

The task should also include any information needed to define the flow rates

through cavitating pumps and system components. This will require 7..mrP`41

evaluation of the system codes that are used.

4: Computational Assessment of Severe LOCA

The statement "The calculations will be normalized to the experimertal data

.." is an oversimplification. Calculations shoul be qualified and verified

with experimental data. If significant disagreement exists, the cause sho..ld

be determined and corrected.

4.1 Deternioe &est-Estimate Computer Codes

The computer cones should handle the non-condens, le mixture of Jir and

water. This technical aspect is available in several codes, but .t should be

recognize' that the incorporation and verification qualification of
non-condensables in these codes has ni.ver rec. ed mkor attention.

4.2 Determine and Implements Model Improvements

The models for flow instability will need particular emphases.

4.3 Verify and Validate Computer Codes an Models

Here technical detail is obviously missing.

4.4 Perform Best-Estimate Calculations for SRP Reactors

This element should include the sensitivities necessary to derive bounding

cases from the best estimate calculations.

4.5 Validate and Peer Review Resul`- of Calculations

Confirmatory anal;'ses should be performed as a part of the objective of

enuring accuracy.

5.0 Credibility of Coolant System ;reeks in SRP Reactors

This total element, "Credibilftr of Coolant System Breaks in SRP Reactors" ,

is more than that. It seems to be seeking a credible break scenario and its

thermal hydraulic coi. equences. This seems primarily to be aimed at tne

early, flow instability phase of the LOCA transient, and only ruling out
large pipe breaks would seem to affect the ECCS part of the trannient. If

this is a primary objective, however, it is not well described.

This is a valid area of study. It should he remembered that commercial

reactors have expended much study on these problems. The low pressure and

the low stored PV energy in the system may make tnis effort more meaningful
for SRP than for high pressure systems. The consultants listed seem well

J Iv1 P.'
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suited to ne problem. However, they may not be expert on some of the
concerns listed below.

The comments m previ,usly hove made about sensitivities aria the need to
understand them are particularly valid here, where rapid, transient flow and
pressure effects are important. The effect of small variations may have a
large effect in the course of a flow instability event. The dynamics of
crack opening end local flow and pressure effects that interact with the
opening are important in determining the system effects and are likely to
have a large error band. The error band must be bounded to validate the
predictions.

If such rapid failures are used as a basis for an accident analysis, the
system cocks may not simulate well the system behavior. Waterhammer effects
shoula he considered if this mechanistic approach is followed. Dynamic loads
on compo t such as the plenum should be evaluated. Pipe whip effects
should va evaluated. Specific comments on the elements are as follows:

1 Dynamics of a Double Ended Pipe Break

We interpret this as trying to derive flow and pressure input to a LOCA from
a complete shear. We presume *hat a part of this is to determine the
likelihood of suca an event; the major element title suggests it, but none of
this element describes it. Inasmuch as this event is what commercial
reactors assume, prim' facie, this should be addressed directly. Other

effects of a double ended break described above should be considered.

5.2 Dynamics and probability of a Hinged Pipe Break

See above.

5.3 Pipe inspection and Repair

This seems to be the exi-ng program except for t' item. "Characterize

p Antial failure location ....' With .-espect to the present program,

previous recommendations about use of Se:tion 11 of the ASME Code apply, and
we pres_me that Mr Bush will assist in assuring this.

With respect to failure location, certainly there are different probabilities
..e c psi portion of the piping than in the high pressure side, and other

fa, Jrs apply. If the LOCA approach is to be abandonzd in favor of a
specified location, it is inappropriate to assume only the most likely
location, and pipe breaks that are representative ol a full spectrum of
breaks above some minimum probability must be represented in the araly,is.
The objectives thus must define this min:aum probability.

6.1 Install Fourth ECS Addition System in L ' and K Areas

Installation of additional ECCS capacity shoo(' have high priority inasmuch
as it has the clearest probability of successfully resolvii the concerns.
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6.2 Development of Leak Flow Restrictor

This is unclear; is the objective to reduce initial break flows, or to hold
ECCS water in the plenum. The letter objective seems more feasible and
useful. The added risk potential is also obscure. This is hard to judge
without a concept.

The impact of these type of design changes on accident scenarios other than
DEB LOCA should be evaluated. if the design change is a flow restriction,
then high pipe velocities, and consequent erosion, choking, and flow
transients and their effect on other accidents, system integrity and dynamic
loads is a concern. If it is a check valve or similar device, it is capable
of failures and waterhammer events that are new accident initiators. If it
is a weir or similar dam for ECCS water the flow restrictor comrents apply.

7.3 Expert Review of ECS Program

As mentioned above, detailed peer reviews and validating analyses are
desirable besides the expert review.

7.4 Revise Procedures and Training for ECS System Modifications

Besides the training on the fourth addition system, a detailed review of the
procedures with respect to system interactions and effects of other operator
responses is warranted.

7.5 Update Predictive and Preventive Maintenance Program for ECS Equipment

The relation of this item to the program is unclear.
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EXECUTIVE SUMMARY

The Savannah River Laboratory (SRL) has initiated an aggressive program of
improvement acnvines to extend its capability to analyze the response of the Savannah River

Plant (SRP) reactors to a hypothetical, worst case loss-of-coolant-accident (LOCA). SRP has

also initiated ari aggressive program to modify the reactor systems to improve their response to

a severe LOCA. The goal of these programs is to significantly strengthen the technical basis

for safe operation of the SRP reactors at fun power levels.

The programs entail improvements on four parallel. but interreiated.fronts.

Development of a set of improved calculational tools for establishing the technical basis

for safe operation of SRP reactors given the reactor design and the postulated LOCA

conditions

Enhancements to the experimental data base to support analysis of postulated LOCI,

conditions and to benchmark the computer codes used in the analysis

Establishment of a more physically meaningful and credible technical definition of the

posu:ated severe LOCA than the hypothen:al. Instantaneous double-ended guillotine

break now imposed on t' - analysis

Modifications w the erne: gency cooling systems (fourth emergency cooling additicn

system). to the reactor hydraulic system and to the fuel/target assemblies to improve the

reactors ability to respond to tne postulated LOCA

Det2 nS and the interTelationships are defined in the Actor Plan for each area of

tr-,pros eMent

1Syj
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Since SRL and SRP are moving expeditiously on four parallel fronts, improvements

made in one area can obviate the need for, or importance of, improvements in another area.

The program of interrelated activities provides the programmatic options necessary to

accomplish the dual goals of protecting the public health and safety while establishing
appropriate power levels.

Figure 1 indicates the key anticipated decision points corresponding to major
improvement milestones. As these decision points are reached, th' improved technical basis

aid proposed new power limits will be independently reviewed and approved prior to increases

in reactor power.

The projected milestone( _.sown in Figure I include

Improvements in the calculational tools and experimental database to establish and
validate the technical basis for setting power. Limits will be developed initially for

conditions at allow no bulk boiling (NBB- I, ICBB-2) and subsequently for conclitio s

that assure a maximum cladding temperature is not exceeded that would impair core

cooling (MAXST-1) These major milestones are discussed in detail in the Action Plan

Installation of a 4th ECS addition system at L reac 3r and subsequent installation at P and

K reactors.

Establishmer.t of detect before break program (DBB i and re-defininon of the pos:if.:::d.

uunaung LOCA

Additional modifications to the reactor complex and fuel/target assembl designs

The tasks in the Action Plan have been divided .rite a few major time phases associated

with the planned improvements in the calculational and experimental models Tasks associated

with the near term phases have Seen defined, planned, and scheduled in detail As these tasks

are completed, the quality of the information ri:cessar to define, plan. and schedale the



162

improvements included in the later phases will increase and will be uses to assess the

appropriateness of currendy planned improvements. A summary of the interrelationships of

these tasks is shown in Figure 2. Subsequent revisions to this Plan will reflect the information

generated and decisions made during me earlier phases
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Appendix D
Aging: Technical Discussion

The Savannah River reactors were constructed in the 1950s. N
Reactor began operation in 1963. The committee has been unable
to ascertain the lifetimes projected for these reactors when they
were designed, but conventional practice [1] would suggest they
were designed for lifetimes of 20 to 40 years. It is evident, then,
that the reactors are approaching the end of their original design
lifetimes. Both the Savannah River reactors and N Reactor are
now encountering material aging phenomena that pose :oblems
for the long-term operation of these reactors.

STRESS-CORROSION CRACKING AT THE SAVANNAH
RIVER REACTORS

The primary system boundaries of the Savannah River re-
actor systems are constructed of type 304 stainless steel, which
by today's staodards contains relatively significant amounts of
carbon-300 to 800 ppm. When the power of the Savannah River
reactors was increased in the 1960s, it was found necessary to
acidify the D20 moderator and primary coolant with nitric acid
(deuterium ion concentration = 10-5 molar) in order to inhibit cor-
rosion of the aluminum fuel cladding and to avoid contamination
difficulties caused by corrosion products suspended in tile D20 [2].
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To prevent radiolytic decomposition of nitrate ions, which would
cause attack on the aluminum fuel cladding, it was found neces-
sary to operate the reactors with 0.5 to 2 ppm oxygen dissolved
in the D20 [3]. This dissolved oxygen augments the oxygenation
provided by 1-3 ppm deuterium peroxide formed in the D20 by
the radiolytic reactions:

D20 -. D + OD

2 OD -6 D202.

These high oxygen concentrations contrast with oxygen concentra-
tions of about 20 ppb sought in commercial boiling water reactors
[4]. The high oxygen concentrations make sensitized regions of the
high carbon-content stainless steel susceptible to oxygen-induced,
intergranular, stress-corrosion cracking [5]. Welding is the most
common mechanism for sensitizing stainless steel to stress corro-
sim cracking, and the Savannah River reactor piping systems and
vessels employ welded constructions.

Cracking, believed to be intergranular stress corrosion crack-
ing, was detected in the so-called "knuckle" region near the base
of C Reactor (see Figure D.1) in 1967 [6]. Evidence of stress
corrosion cracking has been observed in nozzles of the R and L
reactors and an effluent line in C Reactor [6]. A recent inspection
of 794 welds in the piping systems of the Savannah River reactors
identified 53 instances of cracking believed to be caused by stres3
corrosion. Cracking of the reactor system becomes a major safety
hazard only if the cracks or flaws grow sufficiently that they prop-
agate rapidly under the loads of normal or abnormal operations
and cause catastrophic failure of the system. In this regard, the
possibility of catastrophic failure of a reactor vessel is the principal
concern.

Cracking in the piping system may be correctedand in 11
instances is being correctedby replacing the affected pipes. Re-
placing the reactor vessels, however, has been deemed infeasible.
Repair of cracks in the reactor vessels is proving to be a techno-
logical challenge. In 1968 patches were welded over cracks in the
knuckle region of C Reactor [7]. In 1984, leakage in the heat af-
fected zones of these welds was detected. The pinhole leaks to.Ind
at the perimeters of the patches were attributed not to stress cor-
rosion cracking out to the accumulation of helium bubbles that

. r ,
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FIGURE D.1 The "knuckle" region of the C Reactor and leaks caused by
oxygen-induced, intergranular, stress-corrosion cracking.

had formed an interconnected porosity at grain boundaries in the
heat affected zones of the welds [8,9]. The helium is formed by the
following sequence of nuclear reactions:

58Ni + n 59Ni

"Ni -t- n 56 Fe + .

In the knuckle region, the helium accumulation is thought to be less
than 10 atomic ppm 110]. In other regions of the reactor vessels at
Savannah River, accumulations in excess of several hundred parts
per million are expected. Welding in these areas of high helium

30



168

concentrations could be expected to be more prone to leakage than
in the knuckle region.

TREATMENT OF THE STRESS-CORROSION CRACKING
PROBLEM AT SAVANNAH RIVER

Stress-corrosion cracks have caused C Reactor to be removed
from service, apparently permanently. The extensively cracked
knuckle region is unique to C Reactor, and there are a number
of reasons to believe this region was particularly prone to stress-
corrosion cracking [11]. Nevertheless, there is no reason to believe
P, K, and L reactors are immune to stress corrosion particularly
in the regions of high-energy welds. Unfortunately, there are in-
sufficient data yet available to make meaningful predictions of
when stress-corrosion cracking might develop in P, K, and L re-
actors. In any event, short of radical alterations in the materials
and water chemistry used in the Savannah Rive- reactors, there
is no way to prevent the conditions of stress-corrosion cracking
from arising. Helium embrittlement makes conventional welding
unsatisfactory as a method for repairing any cracks that do de-
velop. The Savannah River contractor has chosen to confront the
issue of stress-corrosion cracking with a combination of "detect-
before-fracture" and "leak-before-break" philosophies [8,12]. That
is, because cracks must reach a critical size before they propagate
unstably and cause catastrophic failure, there should be a high
probability that cracks and leaks will be detected sufficiently early
to permit safe shutdown of the reactors.

The Savannah River contractor has introduced a broad range
of programs to implement these philosophies [8,13]. These pro-
grams have benefitted from extensive use of consultants and ex-
pertise throughout the country. One of the most important of
these programs is enhanced surveillance of vessel welds in P, K,
and L reactors [14]. K and L reactors have been examined and
the inspection of P Reactor will soon be completed. At present,
only visual inspections of crack indications with dye-penetrant
confirmation is available through surveillance Such visual proce-
dures are not universally accepted as reliable means for detecting
cracks The Savannah River contractor is developing the capabil-
ity to employ ultrasonic techniques and is evaluating the potential
of eddy-current methods [81. The committee believes efforts to
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improve the technology for detecting cracks in the Savannah River
reactors should be encouraged.

Once cracks are detected, it remains to be determined if they
will propagate under the loads imposed by normal operation or
accident conditions. Stress analyses have been done on the L- and
C-Reactor vessels [11,15]. The analysis for L Reactor used conven-
tional fracture mechanics analyses within the constraints specified
by the American Society of Mechanical Engineers (ASME) Pres-
sure Vessel Code [16]. The decidedly less conservative analysis of
cracking in C Reactor [ii] would be judged less acceptable by a
broad spectrum of the technical community, but because of the
C-Reactor retirement the analysis will not be redone.

The L-Reactor analysis should be taken as only illustrative of
a technology to be applied once cracks have been detected. The
analysis considered loads arising in a normally operating reactor
during it design basis earthquake [17] and under hypothetical ac-
cident conditions. The accident conditions analyzed were very
severe. Fracture mechanics analyses were performed for a hypoth-
esized axial crack at the mid-level (4 the vessel and a crack in the
vicinity of the outlet nozzles. Presumably, the ongoing probabilis-
tic risk assessment of the Savannah River reactors will provide
a more complete understanding of possible loads on the reactor
systems and crack locations and orientations.

Data on the fracture toughness of the reactor vessel steel
are critical input to the fracture mechanics analyses. Currently,
the effects of radiation hardening of the steel [18,19] are assumed
to reduce the fracture toughness to 1/10 its unirradiated value,
which is itself conservatively estimated to be 2000 in-lb/in2. Sa-
vannah River has launc' 4 a program investigating irradiated
materials properties to confirm that these input data are in fact
conservative [20]. Data have been obtained from neutron fluences
approximately equivalent to that sustained by the most irradi-
ated portions of the vessels. However, shutdown of the High Flux
Isotope Reactor (HFIR) at Oak Ridge National Laboratory has
prevented obtaining data for higher fluences, so the available data
may only be used to confirm conservatism.

Conservatisms, which may seem of an extreme nature, are
warranted in the implementation of leak-before-break and detect-
before-fracture procedures because of the many uncertainties.
These conservatisms must be highly probable of compensating
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for undetected or ill-characterized flaws, cracks that do not leak,
unanticipated loads, and uncertain material properties.

Finally, Savannah River has also introduced a program to
evaluate alternatives to conventional welding for repair of cracks
in the vessel [21]. Though none of the alternative technologies
has yet been shown to be completely applicable, the committee
believes this investigation of repair methods should be sustained
at Savannah River and fully supported by DOE.

GRAPHITE GROWTH AND PROCESS TUBE
EMBRITTLEMENT AT N REACTOR

The acute aging problems at N Reactor involve materials
within the reactor core. The graphite moderator block has sus-
tained high, but unequal, neutron fluences over the years. As
would be expected [23], radiation damage to the graphite initially
caused the moderator block to shrink. Now, however, the re-
gions of highest fluences in the moderator are beginning to expand
(see Figure D.2). The varying dimensions of the moderator have
caused some damage to the block and have distorted horizontal
control rod channels and vertical channels for the backup scram
system. Concerns have developed that offsets between graphite
stacks will place stresses on the process tubes and the graphite
cooling tubes. Expansion of the graphite moderator has been suf-
ficient that in the near future it will thrust against the top shield of
the reactor vault. When this happens, continued expansion of the
graphite will be absorbed by void spaces in the core. The threat
of unacceptable stresses on tubing and distortion of channels will
then become severe. Methods to enhance in-service inspection of
the interstitial regions of the graphite stack need to be developed
to monitor unexpected graphite distortion and damage, and to
provide early warning of pending tube distortions.

Process tubes used in the N-Reactor core are being embrittled
by two principal mechanisms:

Radiation damage, and
Zirconium hydride formation.

As a result, the tubes are becoming more susceptible to fracture
at a time when stresses on the tubes are expected to increase. The
rupture of a single process tube is thought not to pose a significant
safety hazard [24]. But, as embrittlement progresses, there is an
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FIGURE D.2 Expansion of graphite moderator blodc at N Reactor.

increasing danger that fracturing of a pressurized process tube
will propagate to adjacent tubes, and in turn lead to a severe core
damage accident [25a,b].

TREATMENT OF AGING PROBLEMS AT N REACTOR

Graphite growth will soon end the useful life of N Reactor.
The Assistant Secretary for Defense Programs has indicated it is
DOE's intention to retire N Reactor from service once expansion
brings the graphite moderator into contact with the upper shield
of the reactor vault [26]. The contractor projects that this will
occur sometime between 1991 and 1996 [27,28]. In the meantime,
the contractor has plans to slow the rate of growth of the graphite
by more uniformly distributing the neutron flux over the moder-
ator volume [28]. The contractor indicates this modification will
have the additional benefit of improving the quality of nuclear
material produced by N Reactor. A difficulty to be overcome
before implementing this mitigation effort is to assure that the
revised core configuration is not susceptible to xenon instabilities.
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In addition, a program of surveillance and modeling has been initi-
ated [28J. Presumably, these activities will indicate whether other
life-limiting conditions are imminent, such as:

Deformation of the 640 graphite and shield cooling system
tubes or

Deformation of the 84 horizontal control rod channels.

Unfortunately, materials data needed for the modeling efforts may
not be available as planned since HFIR hr.:, been shut down.

The contractor operating N Reactor has suggested a variety of
options for correcting the problems arising as a result of graphite
expansion 127, 291:

Trimming the top and bottom of the graphite moderator
block,

Alternate control rod designs to mitigate control channel
curvature effects,

Trimming graphite to provide clearance for ball-hopper
collars,

Protective measures to preserve integrity of the graphite
and shield cooling tubes, and

Removal of "kerfs" from the untubed channels at the top
and the bottom of the graphite stack.

Provided graphite contraction and expansion has not caused un-
acceptable damage to the moderator block, some of these options
appear feasible.

The N-Reactor contractor has implemented the recent sugges-
tions of DOE's Design Review Team [301 to increase the surveil-
lance of process tubes. Initially, the work was planned to involve
the destructive examination of four process tubes and the non-
destructive examination of 50 process tubes. Nondestructive ex-
aminations of tubes by eddy-current techniques and by two types
of ultrasonic techniques indicated there were flaws in some tubes.
As a result, the nondestructive examinations were expanded to
involve 152 tubes, including complete examination of all tubes in
the class having the most numerous indications of flaws. Twenty-
one indications of flaws were found in 13 of the tubes examined.
Recently, comparisons have been made of the flaw sizes estimated
by ultrasonic and eddy-current techniques with those found by
destructive metallurgical methods. This comparison showed that
the nondestructive techniques indicated well both the axial and

1. is.. 0
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the radial locations of flaws. However, the nondestructive tech-
niques underestimated the length of flaws and in the case of flaws
deeper than 0.1 inch (the thickness of the process tube wall is
0.275 inches) underestimated the depth of the flaw.

The contractor has concluded that the nondestructive exam-
inations are reliable for flaw indication no deeper than 0.1 inch
provided that the largest flaw size indications obtained by the var-
ious methods is accepted. When flaws are indicated to be deeper
than 0.1 inch, the contractor plans to remove the flawed tube from
service. The destructive examination of tubes will be expanded.
To date, six tubes have been removed for such examinations during
the current outage.

The surveillance of the N-Reactor tubes has recently suggested
that fret marks (abrasions) on the tubes may initiate cracking.
Surveillance of tube fretting and possible crack initiation has been
undertaken .Complete retubing of the N Reactor has been deemed
by the contractor to be impractical. Only nine replacement tubes
are available in inventory. Were adequate funds available, it would
require six months to re-establish tube manufacturing capability
at the site.

The N-Reactor contractor does not plan to conduct 100 per-
cent nondestructive examination of the process tubes. Yet a defen-
sible statistical analysis of the basis for partial examination of the
process tubes has not been prepared. The tubes currently being
used in the N Reactor have been manufactured using four differ-
ent methods. Past studies have shown radiation damage to the
tube correlates with both location in the core and method of tube
manufacture [31]. In light of this multivariate dependency, the
committee believes that a justification of the sampling methods
being employed needs to be prepared.

The contractor is studying tube failure propagation and the
ability of tubes to withstand bending stresses. Destructive testing
of at least one irradiated tube is planned.

An area that deserves but has not received much attention
is the effects of shock quenching of the flawed and irradiated
process tubes in the event of an accident [33]. The consequences of
fracturing multiple tubes during emergency coolant injection have
not been included in safety analyses of the N Reactor.
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Appendix E
Effluents: Technical Discussion

In the event of severe reactor accidents at either the Savannah
River reactors or N Reactor, radionuclide-contaminated liquids
will be discharged from the reactor copfinements. At Savannah
River [1], the discharge will be first to a 60,000-gallon tank and
then to a 500,000-gallon tank, both of which are vented back into
the reactor confinement. Overflow from these tanks, however, will
be to an open, 50,000,000-gallon basin. At N Reactor [2], discharge
is to a 6,300,000-gallon excavated pit or "crib."

Accident mitigation at N Reactor involves the actuation of
confinement sprays to sweep radionuclides from the confinement
atmosphere [2]. It is inevitable, then, that liquids discharged
from the plant in an accident would be heavily contaminated with
radionuclides. Peak concentrations of radioactivity are thought to
develop in the liquid discharge 2.5 to 10 hours aft:4 an accident
has begun [3]. Failure to initiate pumping to discharge liquids
from N Reactor while maintaining emergency core cooling system
(ECCS) and spray system flows could lead to undirected flooding
of radionuclide-contaminated liquids from the plant [2].

Contaminated liquid effluents are discharged from the N Re-
actor during normal plant operation. In the past these discharges
have been at a nominal rate of 1330 gallons per minute and h Iv a
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contained about 6000 curies per year of radioisotopes with half-
lives greater than 48 hours. Radioactive isotopes of strontium and
cobalt have been the predominant contaminants.

The discharge of contaminated liquid effluents from the N
Reactor is a.. environmentally poor practice and has been criticized
as such in previous reviews of the reactor [4,5,61. The contractor
for the N Reactor has recently taken steps to reduce the discharge
to 505 gallons per minute and about 4100 curies per year. The
contractor is currently working on filtration equipment that is
expected to further reduce the radioactivity of the discharge to
about 1500 curies per year. An ion exchange system, which could
be used in conjuction with filtration, has been proposed that is
expected to reduce the radioactivity of the discharge to 50 curies
per year.

The discharge of liquid effluents is also a violation of the funda-
mental safety philosophy of confinement adopted at the production
reactors and will present a safety hazard in the event of a severe
accident. The safety hazard would arise because radionuclides dis-
solved in the liquid effluents can partition from the aqueous phase
back into the atmosphere and thus contribute to the radionuclide
release from the plant. This partitioning would easily occur for
small amounts of noble gases and tritium dissolved in the effluent.
But, more importantly, iodine can partition from the effluent into
the atmosphere. Iodine that partitions into the atmosphere from
effluents in the open basins would bypass the filters and charcoal
beds built into the Savannah River and N-Reactor confinements
for the purpose of mitigating iodine releases during accidents.
Very often, it is the iodine release that would pose the limiting
acceptable site boundary doses for the pro(1.:-tion reactors [1,21.

Iodine partitioning into the atmosphere occurs because iodine
in aqueous solution can assume volatile forms. The chemistry
of iodine in aqueous media has received considerable attention
within the context of accidents analyzed at light-water reactors
[7,8,9,101. The equilibrium chemistry can be understood in terms
of the following reactions:

1. Oxidation of iodide:

2 I- + 2 H+ + (1/2) 02 a I2(aq) + H2O

2. Hydrolysis of aqueous iodine:

n ,
f
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I2(aq) + 1120 4* 'HOP + H+ + I-

3. Disproportionation of "HOI"

31101 a IO; + 2 I- + 3H+

4. Vaporization of 12:

I2(aq) I2(gas)

There has been considerable speculation about the chemical
form that would be assumed by iodine upon release from degrad-
ing reactor fuel during accidents at the production reactors [ill.
Because of the first of the above reactions, it does not matter
whether iodine was first trapped in the water as Csi, HI, or 12; all
subsequent chemistry must be considered. The hydrolysis ofaque-
ous iodine is known to be fast [12] and to produce a neutral species
conveniently labeled HOI, although in fact, its precise nature is
unknown. Oxidation of HOI to form involatile 10i is a kinetically
slow process [10]. The equilibrium appearance of 12 in solution
would make possible iodine vaporization. In older literature HOI,
too, was considered volatile [7], but vaporization of HOI is now
largely discounted [10]. The extent to which iodine escapes the
aqueous phases by 12 vaporization would depend, of course, on
mass transport in the ambient atmosphere.

The effects of the complex chemistry of aqueous iodine are
conveniently expressed in terms of a partition coefficient defined
as follows:

concentration of iodine bearing species in solution
concentration of iodine bearing species in the gas phase.

Smaller partition coefficients imply a greaser tendency for iodine
to vaporize from solution.

Inspection of the chemical processes affecting the speciation
of iodine in solution shows that the partition coefficient depends
on temperature, total iodine concentration, and the hydrogen ion
concentration. Some calculated partition coefficients for various
conditions are shown in Figure E.1. High temperatures and low to-
tal iodine concentrations produce large partition coefficients. High
hydrogen ion concentrations are especially effective in producing
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small partition coefficients. This latter factor in determining the
partition coefficients is quite important fur the production reac-
tors. Coolant waters at Savannah River are deliberately acidified
with nitric acid to inhibit aluminum corrosion [13]. Chemical ad-
ditives to maintain low hydrogen ion concentrations are not used
in sprays or the emergency cooling waters at N Reactor [2]. Acid
spills [14] or interaction of the discharged waters with at-nospheric
gases would raise the hydrogen ion concentrations.

Because the oxidation of HOI to IC); is a slow process, the par-
tition coefficient is time dependent 1.151. Accounting for this time
dependence requires consideration of a great deal more chemistry
[10,16]. Calculated partition coefficients for particular conditions
are shown in Figure E.2. It is evident that values lower than the
equilibrium partition coefficients discussed above could arise for
substantial periods of time.

More recently. it has been recognized that radiolysis of water
by dissolved radionuclides could accentuate the propensity for io-
dine to partition into the gas phase [9,17]. The detailed chemistry
of this process is not yet well understood. Key reactants are hy-
droxyl radical, solvated electrons, and peroxide produced by water
radiolysis [18]:

4.25 H2O .- 2.70 e- + 0.55H + 2.75 OH

+ 0.45 H2 + 0.70 H202 + 2.80 H+ + 0.10 OH-.

Hydroxyl radicals oxidize iodide to iodine:

I- + OH -, I° + OH-
while solvated electrons and peroxide reduce iodine to iodide:

12 1- H202 -, 2H+ + 2 I- + 02

12 + 2 e- -, 2I-.

So a displacement in the partition coefficient to lower values rather
than unlimited iodine formation occurs. It is known that fragments
produced by water radiolysis would reduce IO; , though details of
the process are incompletely resolved [19j.

. ^ ...
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FIGURE E.1 Equilibrium iodine partition coefficient as functions of total
iodine concentration in the liquid phase for various hydrogen ion concentra-
t:ons WI) and temperatures (71.
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FIGURE E.2 Time dependence of the iodine partitioning coefficient [151.

Radiation effects are not confined to displarement of the par-
tition coefficient. They can also enhance the formation of volatile
and poorly water-soluble organic iodides [9]. Beahm and cowork-
ers have shown that methane sparged through irradiated aqueous
iodine solutions reacts to form CH3I to an extent that increases
with the hydrogen ion concentration [20]. Further, Beahm et al.
[15,21] have shown that aqueous iodine solutions will react un-
der the influence of irradiation with solid organic materials such
as polyethylene and ethylene propylene rubber to form methyl
iodide.

The radiation induced reactions of aqueous iodine solutions
with organic materials may have particular significance for recent
proposals to upgrade the cribs at N Reactor. The most recent. pro-
posal [22,23] includes lining and covering the crib with a plastic
currently thought to be polyethylene. While the covering would
retard but not eliminate, partitioning of iodine from the aqueous
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phase, it would also provide reactants for the formation of volatile
organic iodides.

There is no evidence that partitioning of iodine into the atmo-
sphere was considered in analyses of radionuclide releases during
hypothetical accidents at the Savannah River reactors or at N
Reactor [1,2]. Recently, attention has been given to iodine parti-
tioning in the design of sprays for improved confinement systems
at Savannah River, though radiolysis effects on 10; have not been
considered [27]. Iodine partitioning is being considered in the
redesign of cribs at N Reactor [23].

Iodine may not be the only radionuclide that partitions from
the liquid effluent either because of formation of volatile species
or reaction to form volatile organic species. Tellurium, selenium
[24, 25], and ruthenium [26] may also partition, but the potential
partitioning of these species has not been extensively studied.
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Appendix F
Cermet Fuel for SRP Reactors:

Technical Discussion

Over ',I ; last several years, the Savannah River contractor has
been developing an alternative fuel for the reactors. Currently,
an alloy consisting of up to 30 weight percent uranium metal in
aluminum and clad with aluminum is used as the fuel [1]. Buildup
of 236U in the fuel (as the uranium purified of fission products is
reused as fuel) will eventually force the use of fuel with higher
loadings of uranium [2]. The alternative fuel being developed to
meet this need is a cermet composed of U305 particles dispersed
in an aluminium matrix. Because of the method of manufacture
[3,4], the fuel is often called "powder metallurgical" fuel. Studies
to date indicate that for normal operations, the fuel would be a
satisfactory replacement for the existing uranium metal-aluminum
fuel [5]. A U308-Al fuel has been used in other reactors [6].

The committee's concern with the cermet fuel is not related to
low-temperature, normal operation of the Savannah River reactors
but to accident conditions when the cooling of the fuel might
be, at least locally, interrupted. The concern arises because the
constituents of the fuel, U308 and Al, are inherently incompatible.
The potential chemical reaction between the fuel constituents is:

1(16 6x)/31 Al + U308 3U0x + [(8 3x)/31 A1203,

where the stoichiometry of the uranium-bearing product, U0x, is
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dictated by the oxygen potential of the reaction product mixture.
For most fuel compositions, aluminum will be the excess reactant
so the oxygen potential will be given by:

2 Al + (3/2)02 a A1203.

Using the oxygen potential derived for the Al/A1203 couple,
neglecting the slight solid solubility of urania in alumina [7], and
using Blackburn's model of the stoichiometry of urania [8], it can
be found that the product of reaction will be UO2 at temperatures
less than 1000 K. The product urania becomes hypostoichiometric
with increasing temperature so that at 2000 K the uranium bear-
ing product is UO1.9826. At these elevated temperatures, hypo-
stoichiometric urania develops an activity of uranium metal so that
eventually the ural ium oxide is reduced completely to uranium-
aluminum intermetallic compound. Neglecting the slight tendency
for hypostoichiometry at elevated temperatures, the initial overall
reaction is:

(4/3) Al + U308 --* 3 UO2 + (2/3) A1203.

At 298 K, this exothermic reaction yields about 225 calories of
heat per gram of U308 reacted. The reaction is a metallothermic
oxidation-reduction reaction analogous to, but not as exothermic
as, the classic thermic reaction [9]. Subsequent reduction of the
UO2 is not especially exothermic. Thermal excursions that might
be produced under adiabatic conditions in the cermet fuel by the
metallothermic reaction depend on both the initial temperature
and the amount of U308 present in the fuel, as shown in Figure
F.1. Were reaction initiated at 373 K, then aluminum melting
could be produced in fuel containing more than about 44 weight
percent U305. Ignition of the reaction at the melting point of pure
aluminum (about 933 K) could produce temperatures of 1500 to
1750 K in fuel containing 48 to 58 weight percent U30, as in
fuel being tested for the Savannah River reactors [10]. Such high
temperatures would be of concern if they accentuated the release
of radionuclides or accelerated the rates of steam reaction with
aluminum [25]. Cladding on the fuel would reduce the temperature
excursions experienced as a result of the reaction.

The cermet fuel being developed at Savannah River under-
goes several high-temperature steps during processing, including
degassing and hot extrusion. Metallurgical examinations suggest
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FIGURE F.1 Adiabatic temperature rises produced by the reaction of U308
with Al at initial temperatures of 933 and 373 K.

that some reduction of th- U305 particles to U409 occurs at this
time [23, 241. The reaction of U409 with aluminum is significantly
less exothermic and will produce less dramatic temperature ex-
cursions than does the reaction of U308 with aluminum. Further-
more, metallurgical examinations of irradiated cermet fuel suggest
that during operation further reductions of the uranium oxide to
a uranium-aluminum intermetallic compound and A1203 occurs
[231. The reduction processes during manufacture and operation
reduce, of course, the potential for chemical heating posed by the
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cermet fuel. However, no safety analyses have been done to show
how completely the U308 must be reduced before tke chemical
heating effects of the reaction are negligible. The committee be-
lieves there may be merit in assuring that the reduction of the
U305 is complete as part of the fuel manufacturing process. There
is, however, evidence that complete reaction of the U308 with
aluminum may yield a product whose performance as a fuel is less
satisfactory as a result of so-called "breakaway swelling," swelling
that damages the fuel [27].

The reaction of aluminum with U305 has long been known
[11-191. Some confielnce that this reaction may not be of concern
has been gleaned from the relatively high temperature of igni-
tion of the reaction-1150 to 1273 K, which is above the melting
point of Al. For the analogous reaction of Al with Fe304, it is
believed that the onset of reaction is inhibited by the presence of
an adherent A1203 film at the interface between the metal and the
reactive oxide [201. Above about 1150 K, it is shown that A1203
films on Al surfaces begin to lose their effectiveness as a barrier
to surface interactions [21]. The effectiveness of the A1203 film at
preventing reaction is sensitive to impurities. Trace quantities of
NaC1 will reduce the ignition temperature for the thermite reac-
tion from about 1160 Y to the melting point of aluminum-933
K [201. There is some suggestion that magnesium will do the
same. Some tests conducted recently st Savannah River Labo-
ratory [221 have shown low-temperature reactions of aluminum
with the surface of pressed compacts of Na2U209 and Na6U9O24.
Innoculation of U308/A1 mixtures with NaC1 did not reduce the
ignition until quite high loadings of chloride were achieved. Low
temperature ignitkn of the metallothermic reaction has not been
detected in experiments to date with irradiated fuel specimens
[23]. Some evidence suggests that metallothermic reaction accen-
tuates the release of fission products from the fuel [261, though this
enhanced release is no worse than what would be expected from
fuels currently used in the Savannah River reactors.
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Appendix G
Hydrogen Generation During Accidents at

N Reactor: Technical Discussion

Maintaining the integrity of the confinement system is crucial
to the safety strategy of N Reactor. But the confinement building
of N Reactor is quite vulnerable to overpressurization. Estimated
design pressure limits for the confinement amount to only 5 prig
[11. Elaborate venting strategies have been devised so that the
N-Reactor confinement would not be subjected to excessive loads
during depressurization of the reactor in the early stages of an
accident. Nevertheless, the N Reactor would be quite vulnerable
to internal pressurization, such as pressurization caused by the
combustion of hydrogen during an accident.

The materials used in N Reactormetallic uranium fuel,
zirconium clad, grapl ite moderator, and boron carbide scram
systemare all quite reactive toward steam. The inventories of
reactive materials in N Reactor vastly exceed equivalent inven-
tories in commercial nuclear power plants 121. The reactions of
steam with these materials would be potent sources of hydrogen.
Should even small percentages of these materials react with steam,
sufficient hydrogen would be produced to threaten local hydrogen
combustion if not combustion throughout the containment. In-
deed, recent calculations with the HECTR code [4,51 show that lo-
calized combustion that threatens the integrity of the confinement
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could occur with just the amount of hydrogen thought generated
during the "hypothetical accident" at N Reactor.

Sufficient attention has been called to the vulnerability of N
Reactor to hydrogen combustion [2,3) that the contractor is now
committed to installing a hydrogen mitigation system [61. The
design of such a system requires an understanding of the rate of
hydrogen generation, when such hydrogen generation occurs, and
the total amount of hydrogen likely to be produced. The discussion
below is directed at the analyses of these features of an accident
at N Reactor. In particular, it focuses on the following:

1. The use of supposedly bounding "design-basis" accidents
to assess the threat of hydrogen combustion at N Reactor, and

2. The adequacy of the analyses of hydrogen generation for
the design-basis accident.

DEFINITION OF THE BOUNDING ACCIDENT

As a basis for designing a hydrogen mitigation system for the
N Reactor, a supposedly bounding reactor accident in which hy-
drogen is generated has been identified. Initially, this accident
was found to be identical to the hypothetical accident described
in the plant safety analysis [1] except that for the sake of be-
ing conservative a doubling of the predicted amount of hydrogen
generation was allowed [5]. Recently, a revised analysis of the hy-
drogen design-basis accident has been developed [8]. This revision
defines a so-called "end state" derived from the preliminary re-
sults of an incomplete Level 1 probabilistic risk assessment (PRA)
study of the N Reactor [91. This PRA purports to show that the
most likely severe accident sequences will involve failure of the
emergency cooling syatem (ECS) for at least part of the reactor
core but continued performance of the graphite and shield cooling
system (GSCS), even though the latter is not a "safety grade" sys-
tem [71. The GSCS is particularly important because the accident
is ultimately terminated due to the heat removal capability of this
system.

The use of design-basis accidents that incorporate peculiar,
supposedly conservative physical processes has aot served the re-
actor safety community studying commercial nuclear power plants
very well. In fact, the practice is being abandoned in severe ac-
cident analysis in favor of procedures involving realistic modeling
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of a wide range of accidents with considerably different etiologies.
One reason for this change is that one or more of these more re-
alistic accidents is typically found to pose a more severe threat
than the nonmechanistically described design-basis accident. In
any case, there is no doubt that, taken in combination, the real-
istic accidents pose more formidable challenges to reactor safety
systems than the design-basis accidents.

The design of the hydrogen mitigation system would benefit
from the lessons learned by commercial reactor safety analysts con-
cerning design-basis accidents. In that connection, the belief that
the accident currently used for the design basis of the hydrogen
mitigation system is bounding is not at all transparent. Acci-
dents involving failure of the GSCS and degraded performance of
the emergency cooling system have previously been described and
would seem to involve (1) more extensive fuel melting, (2) higher
temperatures, and (3) more prolonged duration than the current
design-basis accident [10]. Though analyses of hydrogen genera-
tion for these accidents have not been provided, it seems likely
that they would show far more extensive and perhaps more rapid
hydrogen generation. Recent analyses of combustible gas genera-
tion during accidents involving failure of the GSCS seem based on
undefended assumptions concerning the availability of steam and
neglect of steam graphite reactions [47].

Confidence in the reliability of the GSCS based on preliminary
results of the recent PRA study [9] may be misguided. There
appear to be no specific reliability data for this itniqne system.
The assumption in the PRA of failure rate probabilities on the
order of 10-4 for this system would therefore appear to be based
on generic data. Furthermore, the study does not consider external
events, such as seismically induced accidents, to which the GSCS is
vulnerable. The piping network of the GSCS is also threatened by
the radiation-induced expansion of the graphite moderator stack.
Indeed, four ruptures of the GSCS piping have been attributed to
strains caused by offsets in the graphite blocks [7].

In summary, the committee believes that more extensive ac-
cidents than the current design-basis accident for N Reactor may
be credible. These accidents would likely have substantially differ-
ent hydrogen generation histories than the design-basis accident
and would therefore place different requirements on the hydrogen
mitigation system for N Reactor.

1- 1 'l4 ; s
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ANALYSES OF HYDROGEN GENERATION

To determine the rate and extent of hydrogen generation dur-
ing accidents at N Reactor, the contractor has considered only
the steam reactions with the zirconium clad and uranium fuel [8].
These reactions are assumed to take place in a surplus of steam and
to follow parabolic reaction kinetics. These assumptions, together
with the assumed successful performance of the GSCS, produce an
unusual and highly specific hydrogen generation history, as shown
in Figure G.1. The rate of hydrogen generation rises to a sharp
maximum as an initial layer of product oxide is formed on reactive
metal surfaces. Inhibition to the reaction, provided by the grow-
ing oxide layer, compensates for the effects of the slowly rising
fuel temperature, and the rate of hydrogen production falls dra-
matically from its peak. As fuel reaches melting, a hypothesized
reduction in the surface area of the melting fuel that is available
for reaction with steam assures that there is no acceleration in the
production of hydrogen. A later peak in the hydrogen generation
is produced when regions of the reactor fuel subjected to lower
heating rates go through similar cycles.

The hydrogen generation histories predicted for accidents at N
Reactor are therefore highly dependent on the reaction kinetics of
zirconium and uranium with steam. In the discussion that follows,
the committee exPmines the analyses of these reaction kinetics
and the potential for steam reactions with other materials in the
N-Reactor core.

Zirconium-Steam Reactions

Steam reactions with the zirconium clad and process tubes
during accidents at N Reactor are treated as obeying parabolic
kinetics. The kinetic expression used for the analyses is one devel-
oped by Baker and Just [HI:

(AW)2 = 4.13 x le expl-22900/T] t,

where AW = weight gain by oxidation (mgO /cm2), t = time
(a), and T = absolute temperature (K). This rate expression was
devised for zirconium based on tests in the temperature range of
1270 to 2100 K. It is generally accepted that both Zircaloy-2 and
Zircaloy-4 obey steam reaction kinetics similar to those followed
by zirconium [12,131.

2 1 3
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FIGURE G.1 Hydrogen generation rate as a function of time for the
hydrogen mitigation system design basis.

The Baker-Just rate expression must be extrapolated to lower
temperatures for N-Reactor accidents. It hai been found [14] that
at about 1163 K the kinetics of zirconium oxidation undergo a
change caused by the monoclinic-to-tetragonal phase change of
the substoichiometric zirconium oxide reaction product. Ianni [15]
has found the following reaction rate c:-.7:essions:

(iW)2 = 6.79 x 103 exp(-14595/T) t for 298 < T < 1163, and

(OW)2 = 4.40 x 104 exp(-16860/T] t for 1163 < T < 1800.

Urbanic and Heidrick [13] have confirmed these :ate expressions
and have hypothesized another transition at 1813 K caused by a
tetragonal-to-cubic phase change. Prater and Courtright [16] have
developed a kinetic expression for the steam oxidation of molten

zirconium:

13



(OW)2 = 3.1 x 105 exp[- 16610/T] t,

where T > 2123 K.
Figure G.2 shows the parabolic rate constants for tile various

kinetic expressions as functions of temperature. Though Baker-
Just kinetics are widely viewed as conservative, this is true only
'or the temperature regime pertinent to accidents in commercial
nuclear power plants. Extrapolation of the Baker-Just rate expres-
sion to temperatures below about 1400 K leads to an underpredic-
tion of the rate of steam reaction with zirconium. It is, of course,
in this low-temperature region where most of the steam-zirconium
reaction would occur during accidents at N Reactor [8].

Quite clearly, analyses of hydrogen generation for the design
of the hydrogen mitigation system need to be revised to take into
account more accurate kinetics.

Although the precise values of the parabolic rate constants
are important in the prediction of hydrogen generation from
zirconium-steam reactions, of far greater significance is the sensi-
tivity of the reaction kinetics to the microstructure and integrity
of the oxide layer produced on the zirconium. The molar volume of
zirconium oxide is, of course, much greater than that of zirconium
(Bedford-Piling number in the range 1.56 to 1.41), so the oxide is
internally strained when it forms on the metal. This strain is only
partially reduced by the expansion of the metal as it dissolves oxy-
gen. Excessive strains will eventually cause the oxide to rupture,
and this will initiate a sudden acceleration in the rate of reaction
as some of the inhibition provided by the oxide is lost.

Rupture of the oxide coating has not been shown to be an
especially troublesome problem in studies of zirconium oxidation
kinetics using fiat specimens at isothermal conditions. But during
N-Reactor accidents, nonisothermal oxidation would take place
simultaneously on concave and con-ilx surfaces. These surface
geometries can exacerbate the innate strains of oxide growth [28].
On convex surfaces, poorly adherent oxide layers can buckle to
relieve the compressive stresses (see Figure G.3). More adherent
oxide layers, as growth of the layers continues, develop tensile
stresses and fail by cracking. The effects are made worse by the
monoclinic to tetragonal phase change. On concave surfaces, the
initial compressive stresses grow with oxide growth, and rupture
of the oxide can occur by shear (see Figure G.3). Contortion

22j
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Tensile Cracking
of Oxide on a

convex Surface

Buckling of Oxide

on a Convex Surface

Shear Cracking
of an Oxide on

a Concave Surface
FIGURE G.3 Modes of oxide layer rupture during oxidation of convex and
concave sirconium surfaces.

and de:ormation d the clad and fuel observed in experiments [n]
would make oxide layer rupture by these processes quite likely.'

Thermal transients are also known to rupture zirconium oxide
layers on zirconium. For small temperature changes, fissures de-
velop in regions of reduced oxide plasticity caused by anisotropy
in the oxidation [29], and such inhomogeneity in the oxidation of
N-Reactor fuel and process tubes would appear to be difficult to
eliminate (see Appendix E).

'There has been relatively little concern with phase transformations
and oxide stresses in the analysis of steam-zircodium reactions during com-
mercial reactor accidents. This is because the higher heatup rates of fuel in
light-water reactor accidents lead to very little oxide being formed at low
temperatures where the oxide is brittle. At the high temperatures of com-
mercial reactor accidents, the zirconium oxide layers are sufficiently ductile
to relieve strains that would cause oxide failure during N-Reactor accidents.
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Large cooling transients could be induced in the N-Reactor
fuel by "chugging" of coolant into tubes during partial perfor-
mance of the emergency cooling system [10). Such large changes
in temperature can induce compressive stresses of a magnitude
given by [171:

=
E0,cAT(ctox am)

1 + 2(E0x/Em)(hoxihm)

where

a = stress in oxide;
E0 = Young's Modulus of the Oxide;
EM = Young's Modulus of the Metal;
AT = temperature change;
ao = thermal expansion coefficient of the oxide;
am = thermal expansion coefficient of the metal;
h0 = oxide thickness; and
hM = metal thickness.

Compressive stresses such as these will cause rupture of the oxide
layer by spalling, which could be catastrophic.

The assumption of an uninterrupted progression of parabolic
kinetics for steam reactions wath zirconium during accidents at N
Reactor needs to be defended. There are a variety of mechanisms
that can cause disruption of the oxide, acceleration of the oxida-
tion, and concomitant hydrogen production. Indeed, what data
there are [461 show that hydrogen generation for N-Reactor fuel
varies with time to the power 0.72 rather than the power 0.5. This
is a substantial deviation from the parabolic kinetics assumed in
the hydrogen design-basis accident analysis. Moreover, these lim-
ited tests did not involve all the factors that can disrupt reaction
kinetics during N-Reactor accidents. The uncertainty in hydrogen
production caused by these processes needs to be recognized in the
analyses of N-Reactor accidents and in the design of a hydrogen
mitigation system.

Kinetics of the Uranium-Steam Reaction

For the analysis of hydrogen generation during N-Reactor
accidents [81, the uranium-steam reaction is assumed to follow the
parabolic kinetics developed by Wilson et al. [181:

1-.1
41,40
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(OW)2 = 9.94 x 104 exp1-9361/T] t for 873 < T < 1473 K, and

(OW)2 = 8.10 x 105 exp1-12600/T] t for 1473 < T < 1373 K.

These rate expressions were derived from isothermal studies. Ex-
posure times were less than 200 minutes and usually less than 90
minutes.

Baker [19] also derived parabolic kinetics for the uranium-
steam reaction from nonisothermal quenching experiments:

(AW)2 = 4.43 x 106 exp[-15000/T] t.

Initial temperatures of specimens in these experimerts were 870
to 4000 K.

Other investigators do not agree that use of parabolic rate
expression for the reaction of steam with uranium metal is appro-
priate. Both Hopi Cirtson and Scott [20] found linear kinetics for
temperatures up to 1150 K. At temperatures between 1150 K and
the melting point of uranium, parabolic kinetics were obtained for
reaction periods of up to 1 to 2 hours. Thereafter, linear behav-
ior developed. Linear kinetics were observed for the reaction of
molten uranium.

Again, it is noteworthy that what little data there are on steam
oxidation of N-Reactor fuel do not confirm parabolic kinetics [46].

Obviously, there a e substantial uncertainties in the kinetics
of uranium oxidation. Replacing the parabolic rate expressions
used in the N-Reactor accident analysis with linear kinetic ex-
pressions would have profound effects on the rate of hydrogen
generation. Inhibition to the rate of reaction by the growth of
the oxide product implied by parabolic kinetics would disappear
as would the calculated fall it the rate of hydrogen generation.
Prudence would dictate that allowance should be made for this
uncertainty in the analysis of hydrogen generation for the design
of a hydrogen mitigation system.

It is further assumed in the analysis that once the uranium fuel
melts, there is a reduction in the surface area available for reaction
to 10 percent of the value prior to melting [8]. This assumption is
poorly supported by available data that suggest that the melting
fuel exhibits a foaming behLvior, which would enhance the surface
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area available for reaction [21]. This foaming and enhancement of
surface area is probably caused by an acceleration in the release
of volatile fission products as the fuel n 'Its.

Large uncertainties must be ascribed to the hypothesized re-
duction in surface area available for oxidation, and therefore it is
only prudent to examine less benign possibilities. Such an exam-
ination should include the possibility that molten uranium could
locally attack corroded and flawed process tubes and drain into the
graphite stack. This would not only enhance the surface area avail-
able for reaction with steam, but also produce additional heating
from the carbon reaction with uranium.

Steam Oxidation of Graphite

The N-Reactor graphite moderator stack consists of about 1700
tons of graphite surrounding the fuel. Its purpose is to moder-
ate neutrons. Use of graphite as a moderator, probably more
than any other feature of the N Reactor, has attracted attention
because of the superficial similarity that it represents to the So-
viet RBMK reactor at Chernobyl, which also used graphite [22].
Though accidents of the precise type experienced at Chernobyl are
not physically possible at N Reactor, the presence of such a large
mass of combuetible graphite cannot be ignored. The possibility
that the inerting of the reactor vault might not be maintained in
an accident and that the graphite might burn as air is drawn into
the vault is discussed elsewhere in the report The focus here is on
reactions of steam with graphite to produce hydrogen and either
flammable carbon monoxide or nonflammable carbon dioxide:

H2O + C(graphite) , CO + H2

2 H2O + C(graphite) , CO2 + 2 H2

Though these reactions are endoergic, they are quits possible in
a thermochemical sense and consequently could, in principle, con-
tribute to the threat of combustion in the N- Reactor confinement.

The reactions of steam with graphite have bEln neglected in
defining the design basis for the hydrogen mitigation system for N
Reactor [8]. The rationale for having failed to treat these reactions
is based on two points:

nr...-4/,)
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1. With the GSCS intact during the accident, temperatures
within the graphite are kept low.

2. The rates of steam reactions with graphite are low.

The first of these considerations was discussed earlier. The kinetics
of steam-graphite reactions are considered here.

The rates at which steam will react with graphite have often
been studied. Typically, three regimes for the reaction are defined
[22]. At elevated temperatures, the rate of reaction iscontrolled by
mass transport effects. At low temperatures (< 1000 K) the rate
of reaction is limited by the intimate surface reactions of oxidant
(steam) with graphite. Analyses of N -Reactor accidents with the
GSCS intact suggest that this low-temperatuto regime is the most
pertinent, and chemical kinetics control the rate of reaction. Typ-
ically, the rate of steam-graphite reaction is formulated in terms
of Langmuir-Hinshelwood kinetics based on the reaction steps:

H20(g) + S a H2 + PIS

[Ojs --. CO + S,

where S designates an active surface site and 101s designates an
occupied surface. site. The rate expression is [24]:

Rate !grams carbon gasified/gram carbon-second! =

K1(T) PH20 FIAT FBUR
1 + K2(T) PH, + K3(T) PH,o'

where P,, = partial pressure of x in the gas, and K %(T) = rate
parameters for i = 1 to 3. The rate expression is empirically
modified by the parameter N (typically N is about 0.75) to account
for lost active sites. Geometrical evolution is accounted for by the
parameter Fstit Catalysis of the reaction is described by the
parameter FIAT. More complete rate expressions that account for
the effects of product gases have been developed by Ergun [25].

Analyses of the reaction presented in the NUSAR document
[1] were based on kinetic parameters recommended by Woodley
[26]. These parameters are compared in Table G.1 to parameters
used in a more recent study for N Reactor [27] and from other
studies in the literature [24]. The scatter in the data, none of
which are for the exact graphite used in N Reactor, is likely to

4 < 0
P r: ...,
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TABLE G.1 Kinetic Parameters for the Steam Oxidation of Graphite

Parameter Value from Reference
1261 [27] [24]

K1(T) 5.94 expi-16460/11 2.97 x 104 exp[- 20584/T] 9.12 x 107 exp(-32960/T)

K 2(T) 9.4 x 10-11 exp[30599/1] 0.0166 exp[14394/T] 1 4 49 x 104 exp(14398/T)

K3(T) 7.06 x 10
16

exp[39909/T] 0.0531 exp[13840/T] 1.32 x 10-4 exp(15805/T)

N 1 0.75 0.75

a Set to zero for accident analysis.

by irradiation by gamma rays during reaction, both of which are
reported to enhance the rate of reaction [31].

A recent analysis of the steam oxidation of N-Reactor graphite
when the GSCS is not functional [27] indicates that about 5.7
percent of steam flowing through the graphite block will reactwith
the graphite. If the steam flow is that which can be ganerated by
the helium purge system [30], then hydrogen would be produced at
the rate of about 60 kg/hr (1980 cu ft /min) and carbon monoxide
would be produced at a rate of about 840 kg/hr [27]. These
rates are simil:.r o the rates of hydrogen production for just the
steam-metal reactions considered in N-Reactor accident analyses
to date. This result stands in sharp contrast to a recent analysis
of the consequences of failure of the GSCS prepared by the N-
Reactor staff [47]. In their analysis no combustible gas generation
caused by steam reaction with graphite was included despite the
loss of the cooling provided by the GSCS. It is difficult to reconcile
this result with available information on steam-graphite reactions
or the heat up of the N-Reactor graphite when cooling is lost.

Reactions of steam with graphite, when the reaction is con-
trolled by the rate of chemical processes rather than mass trans-
port, can be accelerated by catalysis [32,22]. Such catalytic ac-
tivity has not been considered in the analysis of accidents at N
Reactor, even though rawer mundane materials can act as cat-
alysts. For instance, iron, cobalt, and nickel have been found to
accelerate the steam reactions with graphite by factors of 32, 27,
and 19, respectively [34]. In view of the age and the nature of

2(''''4.. i
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operation of the N Reactor, it is difficult, if not impossible, to
preclude the presence of such catalysts.

Perhaps even more significantly, fission products are known to
catalyze the steam reaction. Alkaline earth oxides, for example,
are known catalysts [36-38]. Everett et al. [37] found that at 1120
K barium and strontium salts at concentrations of 0.05 percent in
the graphite accentuated the rate of steam reaction with graphite
by factors of 1000 and 130, respectively. It appears that barium
and stroneam lower the activation energy for reaction [38]. There
is evidence that Ru, Rh. and Pd will also act as catalysts [39,40].
Lithium, sodium, and potassium catalyze the steam reaction with
carbon by a reaction process presumed to be [35]:

M2CO3 (1) + 2 C 2 M (g) + 3 CO

2 M (g) + 2 H2O 2 MOH (1) + H2

2 MOH (1) + CO M2CO3 (1) + H2

where M = Li, Na, K. In view of the similarity of potassium and
cesium chemistries, it is likely that cesium, too, will catalyze the
reaction.

It appears, then, that catalysis of the steam reaction with
graphite, if not initiated by impurities already in the N-Reactor
graphite, could be initiated once core degradation leads to fission
product release and fission products contact the graphite. The
catalysis of graphite reactions could lead to production of both
CO and H2 at rates comparable to those currently considered in
the design basis accident. Such combustible gas generation will
certainly occur if the GSCS has failed and may be significant even
if it has not failed.

In view of the above, neglect of the graphite-steam reactions
in N-Reactor accident analyses is questionable.

The Oxidation of Boron Carbide

The N Reactor uses boron carbide both in control rods and in
the backup scram system. Boron carbide will react with steam to
form hydrogen [41,42]:

134C + 6 H2O 2 B203 + C + 6 H2.

n ....,1 ,
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To date, this reaction has not been considered as a potential source
of hydrogen in analyses of N-Reactor accidents.

The N Reactor's boron carbide control rods are well-sheathed.
Consequently, this boron carbide would experience little exposure
to steam, except as a consequence of a very catastrophic event
that disrupted the core.

Boron carbide used for the backup scram system is in the
form of unsheathed spheres (with diameters of about 0.95 cm)
that are dropped into 197 vertical channels in the N-Reactor core
[1]. There are liners on the channels, although they do not her-
metically isolate the channels? It must be presumed that under
accident conditions these channels are possible vent pathways for
steam from the core, and that the boron carbide balls would be
bathed in steam. The reaction of boron carbide with steam is
readily detectable at temperatures as low as 250°C [391. Definitive
analyses of temperatures that can develop within the ball channels
under accident conditions are not available. It appears that low
temperatures can be maintained in the core only if the GSCS re-
mains functional during the accident. As noted earlier, this system
is not of safety grade.

The reaction of boron carbide with steam is kinetically slowed
by the formation ,-1 a protective outer layer of the condensed
reaction product, B203. The reaction would be expected to obey
parabolic kinetics initially. At somewhat elevated temperatures,
molten B203 (which has a melting point of 733 K) would drain
from surfaces, thus limiting the protection provided by the product
layer. Reaction of B203 to form vaporous boric acid:

B203 + H2O , 2 HBO, (g)

B203 + 3 H2O p 2 H3B03 (g)

would further limit the growth of the product layer.3 Overall, par-
alinear kinetics would be expected for the reaction of boron carbide
with steam. Relatively little quantitative data are available on the

2Prior to installation of the liners, some boron carbide balls were lost"
within the N-Reactor graphite stack. It is presumed here that these lost'
balls constitute a triv;a1 mass of reactive material.

3The neutronic consequences of born relocation by this reactive vapor-
ization process are not exam ned here.
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reaction kinetics. There is evidence of some tendency for localized
or "pitting" corrosion of boron carbide by steam [41]. An empiri-
cal study of the corrosion, using B4C balls of the type employed at
N Reactor, has been conducted and shows the reaction to proceed
rapidly above about 1000 K [45].

Litz and Mercuri [43] found thy, rate of steam reaction with
boron carbide to be:

Rategrams oxidised)
= 47 PH,0 exp 1-5360/T](

gram B4C hr

where PH20 is the steam partial pressure in atmospheres. Based on
this ra' expression about 30 Kg of hydrogen would be produced
per hour if the boron carbide balls in N Reactor were flooded with
steam at 800 K. This hydrogen would supplement that produced
by steam reactions with the fuel, clad, and graphite.

REFERENCES

1. United Nuclear Industries, Inc., N Reactor Updated Safety
Analysis Report, Amendment 2, UNI-M-90, Richland, Wash.,
January 1979.

2. T. H. Pigford, Chernobyl and the N Reactor at HanfordA
Report to John L. Herrington, Secretary, United States De-
partment of Energy, UCB-NE-4089, Berkeley, Calif., October
1986.

3. L. H. Roddis, Jr., letter to John L. Herrington, dated October
3, 1986.

4. S. E. Dingman et al., HECTR Version 1.5 User's Manual,
NUREG/CR-4507, SAND86-0101, Sandia National Labora-
tories, Albuquerque, N. Mex., April 1986.

5. A. C. Payne, Jr. and A. L. Camp, Parametric HECTR Cal-
culations of Hydrogen Control in N Reactor, SAND86-2630,
Sandia National Laboratories, Albuquerque, N. Mex.

6. G. R. Franz, An Overview of Hydrogen Control in N-Reactor,
UNI-4398, UNC Nuclear Industries, Richland, Wash., May
1987.

7. W. D. Pfleiger, Graphite Cooling System Review Final Re-
port, UNI-3662, United Nuclear Industries, Richland, Wash.,
August 1982.



208

8. F. J. Heard, F. J. Martin, D. M. Ogden, W. J. Quapp, and K.
R. Birney, N Reactor Safety Enhancement Hydrogen Genera-
tion and Thermal Analysis for the Hydrogen Mitigation Design
Basis Accident, draft, March 1987.

9. D. W. Stack, Preliminary Results of a Probabilistic Risk As-
sessment for the N Reactor, UNI-I-111, Los Alamos, Calif.,
March 1987.

10. D. M. Ogden, Augmented supplemental ECS, and D. Fletcher,
Discussion of RELAP5 calculational problems during N-
Reactor full ECCS reflood, presentations of the committee,
Los Angeles, Calif., March 1987.

11. L. Baker, Jr. and L. C. Just, Studies of Metal-Water Reactions
at High Temperatures III. Experimental and Theoretical Stud-
ies of the Zirconium-Water Reactions, ANL-6548, Argonne
National Laboratory, Argonne, Ill., 1926.

12. J. F. White, Sixth Annual ReportHigh Temperature Materi-
als Program, GEMP-475A, General Electric Co., Cincinnati,
Ohio, March 1987.

13. V. F. Urbanic and T. R. Heidrick, High temperature oxidation
of Zircaloy 2 and Zircaloy 4 in steam, J. Nucl. Mater. 75:251,
1978.

14. J. P. Pemsler, The kinetics and mechanism of oxide film
growth of Zirconium, Electrochemical Technology 4:128, 1966.

15. P. W. Ianni, Metal-water reactions: Effects of core cooling
and containment, APED-5454, General Electric Co., San Jose,
Calif., 1968.

16. J. T. Pia and E. L. Courtright, High Temperature Oxidation
of Zircaloy 4 in Steam and Steam-Hydrogen Environments,
PNL-5558, NUREG/CR-4476, Pacific Northwest Laboratory,
Richland, Wash., 1986.

17. D. L. Douglas, Exfoliation and the Mechanical Behavior of
Scales, Chapter 8 in Oxidation of Metal and Alloys, American
Society of Metal, Metals Park, Ohio, 1971.

18. R. E. Wilson, C. Barnes, Jr., R. Koonz, and L. Baker, Jr.,
Isothermal reaction of uranium with steam between 400 and
1600°C, Nucl. Sci. Eng. 25:109, 1966.

19. L. Baker, Jr., Nonisothermal reaction of uranium with water
by the condenser discharge method, Nucl. Sci. Eng. 25:116,
1966.

20. R. E. Hopkinson, Kinetic, of the Uranium Steam Reaction,



209

AERE-M/R-1281A (1957) and A. J. Scott, A Review of Ura-
nium Oxidation, HW-61851 (1959) as cited in W. D. Wilkin-
son, Uranium Metallurgy, Volume II, Uranium Corrosion and
Alloys, Interscience, 1962.

21. D. L. Ried and G. M. Hutson, The Effect of Irradiation Level
on the Rupture Temperature of Zircaloy-2 Clad Uranium Fuel
Tubes, BNWL-1956, Battelle Pacific Northwest Laboratory,
Richland, Wash., June 1971.

22. USSR State Committee on the Utilization of Atomic Energy,
The Accident at the Chernobyl Nuclear Power Plant and Its
Consequences, Information compiled for the IAEA Experts'
Meeting, Vienna, Augvst 25-29, 1986.

23. P. L. Walker, Jr , R. Rusinko, and L. G. Austin, Gas reactions
of carbon, Adv. Catal. 11:149, 1959.

24. C. Velazquez, G. Hightower, and R. Burnett, The Oxidation
of H-451 Graphite by Steam Part 1; Reaction Kinetics, GA-
A14951, General Atomic Co.

25. S. Ergun and M. Mentser, Reaction of carbon with carbon
dioxide and steam, Chapter 4 in Chemistry and Physics of
Carbon, Volume 1, Marcel Dekker, Inc., 1965.

26. R. E. Woodley, A Review of the Reactions of Nuclear Graphite
with Oxygen and Water Vapor, HW-75072, September 1962.

27. A. W. Barsell, M. B. Richards, and C. F. Dahms, Analysis
of the Reaction of Steam with N-Reactor Moderator Graphite,
GA-C18610, General Atomic Co., September 1986.

28. P. Hancock and R. C. Hurst, The mechanical properties and
breakdown of surface films at elevated temperatures, Chapter
1 in Advances in Corrosion Science and Technolology, Volume
4, M. G. Fontana and R. W. Staehle, eds., Plenum Press,
1974.

29. J. Com-Nougue, F. Morin, G. Beranger, and P. Lacombe,
Influence of temperature variations on the oxidation behavior
of zironium. Comparison to cobalt, Werkstoff and Korrosion
9:779, 1972.

30. W. J. Quapp, G. L. Tingey, and E. M. Woodruff, NUSAR
Amendment N-Reacto Graphite Combustion Risks, A Pre-
liminary Assessment, draft, May 1986.

31. W. L. Kosiba and G. L. Dienes, The effect of dicplaced atoms
and ionizing radiation on the oxidation of graphite, Adv. Catal-
ysis 9:398, 1957.

2,12



210

32. P. L. Walker, Jr., M. Shelef, and R. A. Anderson, Catalysis
of carbon gasification, in Chemistry and Physics of Carbon,
Volume 4, P. L. Walker, Jr., ed., Marcel Dekker, Inc., 1968.

33. D. W. McKee, The catalyzed gasification reactions of carbon,
Chapter 1 in Chemistry and Physics of Carbon, Volume 16,
P. L. Walker, Jr. and P. L. Thrower, eds., Marcel Dekker, Inc.,
1981.

34. V. M. Tudenham and G. R. Hill, Catalytic effects of Co, Fe,
Ni and V oxides in the steam-C reaction, Ind. Eng. Chem.
47:2129, 1955.

35. D. W. McKee and D. Chatterji, The catalyzed reaction of
graphite with water vapor, Carbon 16:53, 1978.

36. A. P. Malinauskus, Kinetics of the steam graphite reaction,
Chem. Eng. Progress Symp. Ser. 66:81,104, 1970.

37. M. R. Everett, D. V. Kinsey, and E. Romberg, Carbon trans-
port studies for He-cooled high temperature nuclear reactors,
Chemistry and Physics of Carbon, Volume 13, P. L. Walker,
Jr., ed., Marcel Dekker, Inc., 1968.

38. D. W. McKee, Catalysis of the graphite-water vapor reaction
by alkaline earth salts, Carbon 17:419, 1979.

39. A. Tomita and Y. Tamai, Catalytic steam gasification of
graphite: Effects of intercalated and externally added Ru,
Rh, Pd and Pt, J. Catal. 27:293, 1972.

40. K. Otto and M. Snelef, Carbon 15:317, 1977.
41. R. M. Elrick and R. A. Sallach, Fission Product Chemistry in

the Primary System, Proc. Intl. Mtg. on Light Water Reactor
Severe Accident Evaluation, Cambridge, Mass., August 28-
September 1, 1983.

42. R. K. Wood ley, The reaction of boronated graphite with water
vapor, Carbon 7:609, 1969.

43. W. E. Ranz and W. R. Marshall, Evaporation from drops,
Chem. Eng. Progress 48:A1, 1952.

44. P. N. Rowe and K. T. Claxton, Heat and mass transfer from
a single sphere to fluid flowing through an array, Trans. Inst.
Chem. Eng. 43:10 T321, 1965.

45. Advanced Refractory Technologies, Inc., Environmental Test-
ing of Safety Balls, Buffalo, N.Y., May 1986.

46. D. L. Reid, G. M. Hesson, and J. E. Hammond, Interim Report
on the Metal-Water Reactions of Irradiated N-Reactor Fuels



211

at 1025 to 1080 °C, BNWL-1361, Battelle Pacific Northwest
Laboratory, Richland, Wash., August 1970.

47. W. J. Quapp, letter and enclosure to A.M. Umek, Transmittal
of analysis of N Reactor hypothetical accident with total loss
of cooling, July 1, 1987.



NATIONAL RESEARCH COUNCIL
2101 Conshrution Avenue Kashington D C 20416

COMMISSION ON PHYSICAL SCIENCES COMMISSION ON ENGINEERING AND
MATHEMATICS, AND RESOURCES TECHNICAL SYSTEMS

COMMITTEE TO ASSESS AFETV AND
TECH \ ICAL ISSL ES AT DOE REACTORS

August 26, 1987

Secretary John S. Herrington
Department of Energy
Washingto, D.C. 20585

Dear Secretary Herrington:

On May 22, 1987, Dr. James F. Decker, the Acting Director of
the Office of Energy Research, asked the Committee to Assess Safety

and Technical Issues at DOE Reactors to review the technical
adequacy of the Department's proposed approach to hydrogen
mitigation at the N Reactor. I am writing on behalf of the

Committee to respond to this request. The Committee will shortly
submit another report that will discuss a range of other issues

associated with the Department's production reactors.

The scope of the Committee's review of the proposed approach
to hydrogen mitigation has been limited. As requested by the

Department, we have focused on the overall advantages and

disadvantages of the proposed approach. We have not performed a

detailed design review. We have not reviewed operating procedures

or training requirements, which are critical to the successful
implementation of the approach. Moreover, we necessarily have

relied on the accuracy of the detailed calculations in the
materials that were submitted to us for review. Finally, our

review has not addressed some of the more general assertions
included in the contractor's documents. A list of the materials

provided to the committee is appended.

In Part I of this letter we focus on the nature of the
problem, the Department's proposed approach, and our principal

conclusions. In Part II, we turn to a detailed discussion of

specific issues. Both parts of the letter presuppose a basic

familiarity with the relevant characteristics of N Reactor. These

are described more fully in the materials provided to us for

review.

I.

The protection of the public in the event of a severe accident
at the N Reactor depends on maintaining the integrity of the

reactor's confinement system the safety system that is designed

to attenuate the relea,.e of fission products in the event of an

accident. Because the confinement has not been designed for -- and

is unlikely to be able to withstand -- hydrogen burns of any
significant size, it is important that combustible concentrations
of hydrogen be prevented within the confinement, except in very

The %own./ Reward, Cohno, is Ow mntars, oprmil4g Jitney co rkt fs owns. Made, 4 of Some, and At Netirmal Atiminfly of Enrstring
to ,e+tw tove"rfneit Ala otter ogenufroni
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localized areas near the hydrogen source. In order to evaluate
this issue, the contractor for the facility has conducted a series
of analyses in which certain defined releases of hydrogen were
assumed to occur in a number of locations within the confinement.
The results of these analyses indicated to the contractor that, for
the assumed rate and quantity of hydrogen released, there are only
two locations in the confinement where combustible limits could be
achieved -- the pipe-barrier space and the pressurizer-penthouse
area. In other areas of the building, the contractor predicted
that mixing would be sufficient to prevent a flammable
concentration from being reached. The contractor further concluded
that even if a burn were initiated in the pipe-barrier space, the
increase in pressure world be dissipated in the larger volume of
the confinement building and the confinement function would not be
defeated. In order to mitigate the potential problem in the
Penthouse and to provide additional protection from the release of
hydrogen in a severe accident, the contractor has developed a
concept for a hydrogen mitigation system.

The proposed concept is intended to satisfy four basic
functional requirements:

Provide adequate mixing between subcompartments of
the building to assure that burnable concentrations
of hydrogen do tot accumulate.

Monitor hydrogen concentrations at various
locations within the building.

Fill the confinement with inert gas after the
initial release of steam to assure tnat burnable
compositions are precluded in the long term.

Provide an exhaust system to displace air to
support the inerting function and to establish a

lower pressure in the building than outside the
building, thus preventing outleakage through the
walls and bypass of the filter system.

The first function is to prevent burnable concentrations of
hydrogen. The second function provides inform3tior to plant staff
that could be useful for identifying and mitigac ng severe-accident
situations. The latter two functional requi-er, ...a could be just
as important in that, if properly impleme.tecl C. could provide a
margin of protection in the event that release A hydrogen are
greater than the assumed hydrogen source.

he
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The contractor considered alternative approaches to hydrogen

mitigation. Preinerting and distributed ignition systems, which
are methods for hydrogen control used in commercial reactors, were

found not to be appropriate for the N-Reactor confinement system.
The initial venting of the building atmosphere that occurs in the
proper operation of the confinement system would defeat any
preinerting system, and the confinement might not be able to
withstand pressure pulses that could occur with a distributed
ignition system, particularly for accidents involving large
releases of hydrogen. This Latter conclusion is consistent with
the observation of pressure rises of many pounds per square inch in
tests of ignition systems performed by the Electric Power Research
Institute in a large-scale facility at the Nevada Test Site.
Within the bounds of reasonable cost, there is no apparent
preferred alternative to the concept proposed by the contractor.

The Committee's overall assessment of the general approach to
hydrogen mitigation is favorable. In indicating its agreement with
the general approach to hydrogen mitigation at N Reactor, the
committee is not rendering a judgment as to the adequacy of the
proposed system. Any judgment as to the adequacy of the system
must be guided by an assessment of the general approach, careful
analyses of the system under various hypothetical accident
scenarios, evaluation of a detailed design, and construction and
operation in compliance with appropriate safety standards. Because

the analysis is only at a preliminary stage, this letter addresses
only the first of these necessary factors.

The oasic strategy of forced mixing to remove the potential
for hydrogen pockets, monitoring of hydrogen at key points within
the confinement, and the activation of an inerting/exhaust function
appears to us to be sound. Indeed, the approach may provide a
margin to accommodate some uncertainty relating to the amount of
hydrogen generated in an accident. However, as discussed further
in this letter, there are aspects of the underlying analyses and
certain potential limitations of the proposed system that deserve
further careful evaluation.

The principal aspects of the approach that merit further study
or improvement may be briefly summarized:

The system design is premised on a specific accident
scenario. In the Committee's view, the predicted
performance of the mixing and inerting systems should
be examined for a broader spectrw of accident
scenarios and release rates for hydrogen. For

example, the assumption of the continuing operability
of the Graphite and Shield Cooling System (GSCS) in
the event of an accident needs a thorough
examination, particularly in terms of any
possible degradation of the GSCS in an accident.

(" ^1
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In the course of examining a broader spectrum of

accident scenarios and hydrogen release rates, the
contractor should extend the mixing calculations to
address localized mixing and combustion. In

addition, the contractor should examine the geometric
configurations near possible release points in order
to assure that localized concentrations of hydrogen

do not permit local detonations that could challenge
the confinement or other safety systems.

The capability of the filter system to withstand the
loading of aerosols in an accident should be reviewed
and, if necessary, the capability of the system
should be upgraded.

The survivability of vital sensors and mitigation
equipment should be assessed. The equipment must be
capable of operating in severe-accident environments
characterized by wide variations in thermal-
hydraulic, radioactive and inert aerosol loads, and
high radiation fields.

The operation of the system necessitates the
discharge of noble gases to the environment in the
event of an accident. Although the operation of the
system would decrease the risk of failure of the
confinement following an accident, its operation
would result in potential increases in whole-body
doses to persons outside the plant. Means should be
investigated to assure satisfaction of the dose
limits of 10 CFR Part 100 without relaxing the speed
with which inerting takes place. Such an
investigatioe should take into account recent
research that shows that the actual quantity and

chemical form of the fission products released in a
severe accident would be quite di2ferent from the
source terms commonly assumed in such analyses in the
past.

The Committee recommends that these concerns be resolved before the
implementation of the proposed approach. The detailed design
should be subjected to an independent review before hardware
installation. Careful review of other aspects of the system,
including operating procedures and training, is also warranted.
In addition, prior to installation, the contractor should assess
the effect of the proposed system on plant risk to determine
whether the system would in fact result in lower risx to the
public.

253
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II.

There ; -e a number of aspects of the proposed approach that

warrant specific comment.

The Design Basis For The System

The. accident srPnario used as the design basis for the
hydrogen-mitigation system was justified through a preliminary
probabilistic risk assessment conducted by Los Alamos National
Laboratory. In this scenario, the emergency core cooling system is
assumed to fail fallowing a large pipe break accident. An effort

was made to be conservative in analyzing this accident and thus to
provide for uncertainties, which at the present state of the

analysis are substantial. The principal conservatisms in the
analysis are the assumption of an unlimited supply of steam for the
metal-water reaction (the source of the hydrogen) and the doubling
of the hydrogen release that is calculated.

In our view the accident scenario that provides the design
basis for the mitigation concept is not unequivocally
conservative. We thus recommend that further consideration be
given to alternative accident scenarios. Two assumptions in the

current analysis clearly warrant increased attention:

The analysis assumes that the cooling system for the
graphite moderator (the GSCS) would be fully
operational following an accident. The assumed
continued operation of the GSCS reduces the
calculated rate of hydrogen generation. This

assumption should be validated from either a
probabilistic standpoint (i.e., low probability of
GSCS failure) or a mechanistic analysis (i.e., that
the hydrogen source resulting from failure or
degradation of the GSCS can be accommodated by the
mitigation system).

The analysis assumes that only a small fraction of
the surface area of the uranium fuel is available
for oxidation after melting. This serves to limit
the extent of the metal-water reaction and thus the
amount of hydrogen that is evolved. This assumption

could be a major source of non-conservatism in the
present analysis. More model development and
experimental validation are warranted. Similarly,

further consideration should be given to the
possibility of catalytic enhancement of the reaction
of graphite and steam, to the potential for
fracturing of the zirconium oxide layer that is
formed on the fue. during the presumed accident, and
to the potential underestimation of the kinetics of
zircaloy oxidation.

4tf
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Although the Committee has concerns that the design basis for the
hydrogen mitigation approach ray not be demonstrably conservative,
we believe that the approach provides a margin which, if maintained
in implementation, may accommodate higher hydrogen release rates.

Hydrogen Monitoring System

The monitoring of hydrogen concentration within

subcompartments of the confinement building is important because it
provides information on localized conditions that can guide
decisions in an emergency. The hydrogen monitoring system that is
currently being installed measures the concentrations of hydrogen
and oxygen electrochemically in ten sampling locations in key
regions of the confinement volume. The system will require at
least 30 minutes to cycle through the ten sample points to sample
the entire confinement atmosphere.

The detection of hydrogen should not govern the activation of
the hydrogen-mitigation system; the completion of the inerting
function requires a number of hours and if it were not started
until after hydrogen production is observed, it might be activated
too late for the system to be effective. Furthermore, the
30-minute cycling interval is definitely longer than desired even
if the measurements are not the sole guide for the activation of
the hydrogen-mitigation system. Given the importance of timely
information on the status of the system in an emergency, the
capability for more rapid measurement should be sought and
achieved. In addition, it is important that a monitor be placed
near the point of release of the vent lines that connect with the
dump tank for the reactor's depressurization valves, since this is
the most likely point of release of hydrogen from the primary
system for certain kinds of accidents.

Hydrogen Mixing System

Studies by the contractor have indicated that hydrogen
concentrations after an accident would be expected to exceed the
combustible limit (4 percent) in the small pressurizer penthouse if
there were no forced mixing. The focus of the design for the
mixing system, therefore, is to prevent the buildup of hydrogen in
the penthouse. Redundant mixing fans with a capacity of 25,000 to
40,000 cubic feet per minute would remove air from the front face
of the reactor and discharge it to the penthouse. Return flow
through cross vents would provide for mixing ^f the major
confinement volumes.

If the assumed hydrogen source term and the mixing
calculations are reasonably accurate, the proposed mixing capacity
should be fully adequate to prevent burnable concentrations (other
than very localized concentrations at the break location) within
the confinement. However, it is unclear how much margin exists in
other regions, such as the pipe gallery and steam generator cells,
in the event that hydrogen production rates should exceed the

4:%tt)
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postulated hydrogen release. Hence, the Committee recommends more
thorough evaluation of alternative accident scenarios and the
uncertainties associated with calculations for hydrogen pocketing
and stratification.

The basis for the concept of the mixing system derives from
analytical simulations of hydrogen mixing in the N-Leactor
confinement which indicate to the contractor that, with the
exception of the pipe-barrier space and penthouse areas,
natural-convection curLents would be sufficiently strong to yield
an essentially uniform concentration of hydrogen throughout the
confinement volume. Validation of these analytical tools and
their applicability to the problem of hydrogen mitigation at N
Reactor (particularly with regard to the different scales of
hydrogen stratification that may occur in the confinement) remain
to be demonstrated. It is well known that calculated results for
mixing processes in large open compartments are influenced by the
degree of nodalization for lumped-parameter models and are subject
to numerical diffusion errors for finite-difference codes. The
Committee also recommends that the geometric configurations near
possible hydrogen release points icom the reactor coolant system be
reviewed to assure that concentrations of hydrogen do not permit
local detonations that could threaten the confinement or other
safety systems.

Inerting/Exhaust System

The proposed inerting system would consist of redundant trains
of nitrogen, supplied from stored quantities of liquified nitrogen,
at a rate of up to 20,000 cubic feet per minute. Activation would
follow primary system depressurization and the associated steam
venting from the confinement following an accident. In order to
allow the inflow of nitrogen without overpressurization of the
confinement, an equal flowrate of air must be exhausted. In the
proposed system, which has a riximum capacity of 23,000 cubic feet
per minute, a negative pressure differential is expected to be
achieved (relative to the atmosphere) shortly following the initial
venting of the confinement. This has the benefit of reducing the
subsequent direct outleakage of radioactive material through the
walls of the confinement. This type of outleakage is a major
contributor to the calculated doses, particularly thyroid doses,
that are estimated in the current N-Reactor safety analysis report.

The contractor's calculations at N Reactor indicate that at
the maximum rate of ritrogen introduction, with accompanying
displacement of air iron the confinement, inerting could be
complete (less than 5 percent concentration of oxygen) in about 3.5
hours. Some hydrogen would also be displaced from the confinement
by the nitrogen, further delaying the time required to achieve
burnable quantities.

2 4
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The Committee has examined the inerting capability using a
simple single-volume model and assuming instantaneous mixing. We
applied the model to stud; a range of hydrogen release rates into
the confinement. The calculation reveals that a margin is
available to cope with larger releases of hydrogen than are
generated in the design basis scenario. This margin, if it in fact
were achieved in implementation of the approach, serves to
alleviate somewhat the Committee's concern that the postulated
accident that serves as the design basis is not unequivocally
conservative.

In order to achieve the extra margin, however, the system must
be well mixed and the exhaust and inerting rate must be high
(20,000 cubic feet per minute). The contractor did not provide
adequate information to enable us to assess whether the mixing
condition would be achieved, particularly for the steam generator
cells. And care must be taken in implementation of the system to
assure that rapid inerting can be achieved without accompanying
releases that might compromise public health.

The operation of the inerting/exhaust system following an
accident would discharge noble gases to the environment more
rapidly than would the existing design, resulting in potentially
higher whole body doses to individuals outside the plant. There is
a direct tradeoff between the benefit of preventing hydrogen
explosions through inerting and the cost of increasing the doses
from noble gases. The implementation of the approach must provide
a rapid inerting capability and assure compliance with the dose
limits of 10 CFR Part 100. In this connection, it is important to
recognize that assuring compliance with 10 CFR Pact 100 involves
uncertainties associated with operation of the ccnfinement system
that were not analyzed in the material provided to the Committee
(for example, the confinement vent valves, the sp-a system, the
filters).

Implemention of the contractor's proposal will also require
careful reevaluation of the filter system. Higher exhaust flow
could increase the aerosol loading on the filters and, hence,
increase the likelihood of filter failure. Moreover, the decreased
resiaence time of aerosols within the confinement system after an
accident would decrease the effectiveness of the confinement sprays
in removing aerosols from the atmosphere and thereby increase
further the threat to the filter system. The potential aerosol
source term, the spray effectiveness in the removal of aerosols,
and the failure criteria for overloading of the filters require
careful examination by the contractor.

2'42
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Other potential failure modes of the confinement system that

stem from the activation of the hydrogen-mitigation system also

warrant scrutiny. For example, the injection of cold nitrogen into
the confinement in conjunction with operation of the fan exhaust

system could reduce the pressure in the confinement, possibly

challenging the structure. Careful examination of the interaction

of the hydrogen-mitigation system with the confinement design and

operation is necessary.

Finally, it should be recognized that, as with any inerting

system, there is a possibility of accidental actuation. Careful

controls must be employed to prevent inadvertent actuation of the
system and to alert personnel located in the building in the event

it occurs.

Design, Control System, Procedures, and Training

The hydrogen mitigation concept has not developed to the point

at which the details of the design. the control system, the

operating procedures, and the training programs can be assessed.
It is clear, however, that successful implementation of the concept

must rely on the careful development and implementation of these

elements. Accordingly, we recommend a detailed independent review

of each of these elements.

We hope that these comments are helpful. Please feel free to

contact the Committee if we can provOc any further assistance.

Zinc rely,

)

and A. Meserve

cc: Joseph F. Salgado
James F. Decker

4 ". t)
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Appendix H
Structure of the DOE Safety System:

Technical Discussion

This appendix describes the general system that is used to
establish and assure the safety of the nation's defense production
reactors.

The U.S. Department of Energy (DOE) has established a
safety system for the production reactors that has three major
elements:

A safety objective;
Orders that prescribe the means for achieving the objective;

and
A process for ensuring and verifying compliance.

The committee concludes, based on the examination that follow:.
that DOE's conception and implementation of each of these ele-
ments is less comprehensive, understandable, and consistent than
is desirable.

The safety system is highly complex. No single document
describes the structure of the system as a whole. Nor is there a
single source for DOE's safety objective and operating standards.
These derive not only from the Department's Orders, but also
from legislation, field office directives, contracts, award fee eval-
uation plans, contractor performance goals, safety and hazards
analyses, technical specifications, technical and process standards,
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test authorizations, and various types of appraisal reports. To
attempt to capture the essence of the safety philosophy reflected
in this large volume of material is not a trivial undertaking. The
discussion that follows, therefore, is nct intended to be compre-
hensive; it merely aims to illustrate some of the major features of
the DOE safety system in order to provide a basis for some general
conclusions.

SOURCES OF DOE'S SAFETY OBJECTIVE AND
STANDARDS

DOE's safety objective and iandards encompass a diverse set
of requirements. They range frlm highly abstract, basic safety
principles to narrow technical operating limits governing the day-
to-day operation of the reactors. However, as discussed below, the
overall system is built upon a single, fundamental premise that
was established in legislation over 40 years ago.

Legislation

In operating the production reactors, DOE and its contrac-
tors must comply with a variety of federal statutes, including the
Occupational Safety and Health Act, the National Environmental
Policy Act, and the Clean Air and Clean Water acts, to name
a few. However, DOE's safety system derives from the Atomic
Energy Act of 1954, as amended [1].

The Atomic Energy Act of 1954, as amended, is the primary
statute governing the ownership and control of nuclear materials
and nuclear reactors, both commercial and defense-related. Yet
most of the specific provisions of the Actand all of the licensing
and related regulatory requirementsapply solely to commercial
reactors regulated by the Nuclear Regulatory Commission (NRC);
they are not applicable to those operated by DOE. Moreover, other
than charging DOE to assure the protection of public health and
safety, Congress has left to DOE's discretion the manner in which
this responsibility is to be achieved. Consequently, the system
for ensuring the safety of the defense production reactors has
developed quite separately, and differently, from that established
for commercial reactors.

The nation's basic policy concerning the need for the produc-
tion reactors is spelled out in a series of congressional findings in
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the Atomic Energy Act. The relevant provisions of the act state
the following:

The development, utilization, and control of atomic energy
for military . . . purposes are vital to the common defense
and security. [Sec. 2a]
The processing and utilization of source, byproduct, and
special nuclear material must be regulated in the national
interest and in order to provide for the common defense
and security and to protect the health and safety of the
public. [Sec. 2d]
Source and s-_,cial nuclear material, production facilities,
and utilization facilities are affected with the national in-
terest, and regulation by the United States . . . is necessary
in the national interest to assure the common defense and
security and to protect the health and safety of the public.
[Sec. 2e]

The objective of protecting the public health and s-. ty ap-
pears in all subsequent legislation pertaining to DOE's mission. It
was contained in the statute that established DOE's predecessor,
the Energy Research and Development Administration (ERDA),
wherein ERDA was charged with operating the agency ". . . to
advance the goals of restoring, r otecting and enhancing environ-
men.al quality, and to assure public health and safety." [2; And
the same broad goal appeared in the DOE Organization Act of
1977, which stated that DOE's mission was to include ". . . incor-
poration of national environmental protection goals . . . and . . .

the goals of . . . assuring public health and safety." [3]
It is clear, therefore, that DOE's overriding responsibility with

regard to the production reactors is protection of public health and
safety. it is important to recognize, however, that Congress gave
DOE nearly complete discretion to determine h-_,i it should go
about protecting the public.

Department Orders and Directives

The DOE regulates the production reactors by prescribing
"Orders" that, as a result of contractual provisions, must be fol-
lowed by the contractors. (Table 1.1 in Chapter 1 presents a list
of the main safety-related DOE Orders currently applicable to the
production reactors.)

1. 144 '4 1
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The DOE Orders set forth requirements for the production
reactors either directly, in the form of specific provisions in the
Orders, or indirectly, by reference to standards established else-
where. These requirements define how the Department expects
public health and safety to be assured. They establish a set of pre-
scribed activities and goals, including the identification of poten-
tial hazards and their consequences [4]; assurance that reasonable
measures are taken to eliminate, control, and mitigate hazards
[4]; reduction of identified safety and health risks, where possible,
whether mandated by specific requirements or not [5]; and opera-
tion, maintenance, and modification of the reactors in accordance
with standards consistent with those applied tc comparable li-
censed reactors. [6] These various activities can be summarized in
terms of two major safety objectives: (1) to establish comparabil-
ity of the production reactors with commercial licensed reactors,
and (2) to effectively identify, prevent, and mitigate production
reactor risks. How these objectives relate to one another is unclear.
What is clear is that the Department's approach depends entirely
on judgments and interpretations of what such terms as "ade-
quate protection," "reasonable measurer," and "comparability"
with licensed reactors may mean.'

The DOE Orders identify standardsprograms 3ctices,
procedures, and other guidelinesthat the contra. ..re ex-
pected to follow to achieve the Department's objective aese are
of two principal types: "mandatory" and "reference" standards.
DOE has standards covering the following general areas of reac-
tor safety: training and qualification of reactor personnel, plant
operations, safety system modifications, safety analysis, technical
specifications, quality assurance, materials storage and handling,
reporting requirements, unusual occurrences, emergency planning,
administrative controls (internal review and appraisal system), fire
protection, radioactive waste management, and radiation protec-
tion.

'The Department's Orders and field organisation directives differ com-
pletely from the requirements imposed by the Nuclear Regulatory Commis-
sion on commercial reactors. The NRC's policy statements, rules, standard
review plan, regulatory guides, criteria, and bulletins and orders are far
more self-explanatory, detailed, comprehensive, and consistent than the re-
quirements in the DOE Orders. Moreover, the NRC has a more elaborate
and formal process for backfitting newly developed regulations on existing
reutors.
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The DOE Orders make limited reference to ccinmercial re-
actor standards. Moreover, with the exception of those Orders
governing reactor modification, in which the contractors are re-
quired to meet the NRC's standards for acceptable doses at the
site boundary during normal operations and during accidents (10
CFR 100), the direction to meet NRC and commercial industry
standards is generally either so qualified or so ambiguous as to raise
doubt about the extent to which they are applicable. For instance,
the training and qualification of reactor personnel are supposed
to meet ANS standard 3.1 ". . . to the extent appropriate." [6]

The relevant NRC regulatory guide ". . . shall also be considered."
Plant modifications only have to meet the NRC's general design
criteria (10 CFR 50) if and when DOE ".. . determines that safety
can be significantly improved." [7] Contractors are required to
document technical specifications, but the technical specifications
themselves only have to be ". .. similar to those required for com-
parable facilities licensed by the NRC. . . ." [6] Although a DOE
Order states that an ANSI/ASME industry standard for quality
assurance programs ". . . is the preferred standard for quality as-
surance," the order elsewhere states that DOE encourages ". . .

the judicious and selective application of elements of appropriate,
recognized standards" for quality assurance programs. [8]

DOE Order 5480.4 specifically addresses the question of stan-
dards. It defines five sets of industry codes as "mandatory Envi-
ronment, Safety and Health (ES&H) standards" that are required
as a matter of DOE policy, but only if and when DOE determines
that their application would increase safety. To our knowledge,
no formal document&'on of such a finding has ever been made.
In addition, DOE Order 5480.4 lists many "reference ES&H stan-
dards," which are described as "referent s on good practice." But
the reference standards have no specific or prescribed relationship
to the DOE regulatory process nor are they implemented in a
timely fashion.

Contracts

Du Pont operates the Savannah River reactors under a con-
tract with the Department of Energy that was last revised in
October 1984. [9] Prior to June 29, 1987, UNC Nuclear Industries
3perated the N Reactor under a similar contract with DOE. [10]
Excerpts from these contracts are presented in Appendix I.
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The Du Pont-DOE and UNC-DOE contracts have a number of
significant differences. First, the two contracts establish different
financial arrangements between the parties. Du Pont operates
Savannah River on the basis of a cost plus one dollar contract,
while UNC has a cost plus incentive contract. The contract would
have allowed UNC to have earned up to $4.9 million above costs
in fiscal year 1987. [26]

Second, there are significant differences between the provisions
of the contracts that relate to reactor safety. For example, the Du
Pont-DOE contract incorporates language that emphasizes DOE's
public health objectives. The contract includes the statement
that Du Pont must ". . . take all reasonable precautions . . . to
protect the health and safety of employees and of members of
the public and to minimize danger from all hazards to life and
property." [12] Du Pont is also required ". . . to exercise a degree
of care commensurate with the risk involved," [13] and ". . . to
use all reasonable efforts to carry out the project and to attain the
objectives thereof." [14] But the specific reactor safety provisions
of the Du Pont-DOE contract are more complicated than similar
provisions of the UNC-DOE contract (see Appendix I). These
more specific provisions have led to delays in implementing certain
DOE Orders at the Savannah River site. These delays have arisen
because of confusion and disagreements as to whether certain
Orders relate to "reactor safety." The categorization of the Orders
is significant because of a provision [11] in the Du Pont contract,
which has no counterpart in the UNC contract, that provides that
only those Orders relating to reactor safety necessarily apply at
Savannah River. Moreover, unlike the UNC contract, the Du Pont
contract continues to contain a provision dating from 1950 that
". . . attainment by the Contract of the objectives of the [Savannah
Fiver] project cannot be a. _ ired." [14]

The Du Pont contract also differs from the UNC contract in
that it specifically refers to DOE's objective of achieving com-
pimdmility with commercially licensed reactors. Thus, Du Pont's
scope of work includes the provision that Du Pont will maintair
". . . a continuing campaign to increase safety in reactor operation
with special emphasis on the equivalence of production reactors to
licensed reactors." [15]

Finally, the Du Pont contract appears to give Du Pont much
greater latitude than is afforded to UNC in its contract with DOE.
The Du Pont contract appears to give Du Pont somewhat greater
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flexibility in determining whether a particular safety issue has
arisen, whether certain information must be reported to DOE,
and whether a particular provision of the contract is invoked.

Operations Directives

On a semiannual basis, DOE also issues so-called "operations
directives" to the production reactor contractors. These directives
are considered an integral part of the basic contract. [161 Oper-
ations directives further define the scope of work under the con-
tract and provide a list of programmatic goals and, in some cases,
timetables for the completion of activities that the contractor has
agreed to undertake (e.g., reactor operation, fuel fabrication, con-
3truction, and so on).

There is substantial overlap between the operations direc-
tive- issued by the DOE Richland field office ai. i the performance
evaluation criteria discussed in the section below. The FY 1986
Operations Directives relating to operation of N Reactor are listed
in Table H.1.

Award Fee Evaluations

DOE has a specific vehicle for defining safety objectives and
imposing standards on UNC (and more recently on Westinghouse
Hanford) that it does not have available to it in dealing with Du
Pont. As noted above, the UNC contract provides for monetary
"award fees" that DOE has agreed to pay to the N-Reactor con-
tractor if its performance during a six-month period meets certain
preestablished criteria. These preestablished performance criteria
are spelled out in a "performance evaluation plan" [171 that is
issued by DOE's Richland field office at the beginning of each per-
formance period. In the last few years, as an inducement to better
contractor performance, DOE has placed increased emphasis on
the award fee process. [181 Thus, from FY 1985 through FY 1937
the amount of additional money that UNC could earn from award
fees more than tripled. [191

Over the same period, DOE's performance evaluation criteria
have become increasingly numerous and more specific. For the
first six months of FY 1987, for example, there were over 115
items included in the plan. [171 These criteria deal with such areas
as general management; environment, safety, health, and quality
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TABLE H 1 Examples of FY 1986 Operations Directives for N Reactor

1. Operate and maintain N Reactor and support facilities in a safe,
secure, and environmentally sound manner to achieve an FY 1986
production goal of 703 KMWD, with less than 24 unscheduled outage
days.

2. Achieve 1.65 BKWH steam production during the period of November
1, 1985, to March 1, 1986.

3. Achieve full beneficial use of the Operations training simulator
by December 1985.

4. Improve the management of refueling and maintenance outages.
Improve charge/discharge efficiency by 10 percent.

5. Achieve substantial improvements in the quality of the front-end
engineering and design work through increased end user
involvement.

6. Meet the following Production Assurance Program milestones:
a. Issue annual surveillance report by February 1986.
b. Issue Production Assurance Program assessment, including an

updated program plan and current technical assessment, by
September 1986.

c. Demonstrate capability of 4000-toi. press to extrude N-Reactor
pressure tubes by September 1986.

7. Designs manual refueling machine by September 1986
8. Perform the planning, coordination, design, analysis, and

development, u specified in the N-Reactor Tritium Program Plan,
necessary to develop a contingency plan fo- alternative product.

9. Complete preliminary studies for Projects /1-676, H-684, H-757,
and H-758 by December 1, 1985, of the Productivity Retention or
follow-on program.

10 Achieve substantial improvements in the. quality, planning, and
supervision of N-plant maintenance suc:i that the FY 1986
production is not reduced through maintenance error, and repeat
maintenance (throurh failure to do a .ob right the first time) is
eliminated.

11. Improve maintenance effectiveness by reducing total maintenance
backlog during FY 1986. (This includes planned and unplanned
work authorizations for repair maintenance, modification
maintenance, and EMS/PM maintenance.)

12. Improve the preventive maintenance program by fully implementing
the automated equipment history program by September 1986,
preparing or revising s total of 400 PM procedures for FY 1986 by
September 1986, and by continuing to implement the materials
management plan such that production is not reduced through lack
of spare parts. Complete a total of 80 percent green-tagging of
all N-Reactor material in 2101-M Building by September 1986.

13. Reduce time required during reactor outages for performance of
equipment testing procedures by resolving at least 360 reported
problems (feedbacks) associated with outage-related surveillance
test procedures by September 30, 1986.

14. Improve the effectiveness of Reactor Engineering by significantly
reducing backlog levels of drawings that require as-built,
Engineering Planning Request, and nonconformance reports.
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TABLE H.1 cont'd

15 Indicate increased emphasis and 'Import for the ISI Program by
preparing, revising, and performing IS!. at a rate sufficient to
support long-term goals.

16. Complete program plan update for Productivity Retention Program
by January 1, 1986.

17. Develop a long-range plan for N Reactor and supporting
facilities that forms a basis for facility and operating
planning. Complete plan by January 1986 to support FY 1987
budget submittals. Maintain the Facilities Upgrade Management
Plan current with approved/authorized expense, capital
equipment, and PACE ((WO, OPP, Line Item) funded projects and
activities.

18. Complete FY 1986 milestones in PCB Waste Management Plan for the
Hanford . .

19. Complete critical operational and safety post-startup punch list
items and resume operation of the 107-N Basin Recirculation
Facility by completion of scheduled January 1986 outage.

20 Continue program to reduce the N Basin source term.
21. Charaterize performance of 1325-N cribs and trench and determine

expected life.
22. Conduct operations and environmental monitoring and surveillance

so that no NPDES violations occur in FY 1986. Respond to DOE
requests for documentation to support NPDES permit renewal.

23 Complete progrnm plan for update for N-Reactor Tritium Program
by December 31, 1985

assurance; automatic data processing; reactor operations; reactor
support; security; programs and projects; fuel operations; safety
enhancement program; surplus facilities management program of-
fice support; Hanford decommissioning; Shippingport Station de-
commissioning project; and construction.

Some of the performance evaluation criteria represent very
broad objectives, such as optimizing the use of available resources,
while others involve highly specific tasks, such as installation of
specific equipment or delivery of particular documentation or anal-
yses to DOE. Many of the more specific items have pres.cribed dates
of completion.

It is difficult to distinguish the award fee criteria from what
one would think UNC would be required to do merely to comply
with existing DOE Orders. Furthermore, although the award fee
process provides anottier mechanism for inducing the N-Reacto:
contractor to achieve DOE's safety objectives, it is almost im-
possible to compare this systarn to the completely different set
of incentives in place at Savannah River where profit is not an
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issue. (Tables H.2 through H.5 present selected award fee criteria
applicable during the first few months of FY 1987.)

Appraisals

DOE has also established and imposed standards on the pro-
duction reactors through headquarters and field office appraisals
of contractor performance.

Prior to the Chernobyl accident, comprehensive DOE head-
quarters appraisals of either the DOE field offices or the contrac-
tors' reactor safety programs were only infrequently conducted.
For example, in the six years prior to the accident there were only
two such appraisals at Savannah River and only one at Hanford.
[2C;

The extent of headquarters' involvement with the DOE field
organizations seems to have begun to change with the appointment
of a new Secretary of Energy in 1985. One of the new Secretary's
first acts was to request a review of the soundness of the Depart-
ment's ES&H programs. That review [21] ultimately led to the
consolidation of the Department's ES&H functions under a single
Assistant Secretary and to the initiation of what was expected to
be a short-term program of headquarters' appraisals of the field
office and their nuclear contractors. These were to be under the
direction of the new Assistant Secretary and her staff, and a sched-
ule for the technical safety appraisals was drawn up in the months
preceding the Chernobyl accident. [22]

The Chernobyl accident prompted DOE to accelerate its
schedule of appraisals and to organize teams of outside experts
to conduct additional reviews: separate design reviews of the Sa-
vannah River and N reactors [23,24]; a special safety review of the
confinement and graphite characteristics of the N Reactor [25);
six independent reports on the overall safety of the N Reactor by
a group of outside experts (the so-called Roddis panel) [26-31];
and the review by this committee. The reviews conducted during
1986 represented the first thorough and independent evaluation of
the production reactors since the breakup of the Atomic Energy
Commission more than a decade earlier.

The 1986 headquarters appraisals of the production reactors
largely supplanted a variety of appraisals normally conducted over
the course of the year by the DOE field offices. As discussed fur-
ther in the section below, previous appraisals by the local DOE
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TABLE H.2 DOE-UNC Award Fee Criteria and Standards for Environment,
Safety. Health. and Quality Assurance. October 1, 1Q$ - Mr.xch 31,
1987

Environment, Safety, Health, and Quality Assurance Criterion:
Continue to conduct effective quality assurance, emergency
preparedness, environmental, safety, and health protection programs
in compliance with DOE directives. This includes continued emphasis
on ALARA in reducing personnel exposure to radiation and minimizing
r.umben of skin contamination cases.

Evaluation Standards:

1. By November 30, 1986, submit a plan and schedule for
implementation of the new revisions to the OSHA asbestos
requirements in Richland 5480.10 29 CFR 1910.1001 and 1926.58.
The schedule should be coordinated with HEHF and result in a
fully functional program by January 30, 1987. Emphasis must be
placed on removal of asbestos.

2. By November 30, 1986, submit a plan and schedule for the
implementation of an improved respiratory protection program to
include qualitative person fit testing, and job-specific
respirator training. Aspects of the program should be
coordinated with HEHF and result in a fully functional program
by March 30, 1987.

3. Demonstrate effectiveness of programs through superior safety
performances and compliance with environment, safety, and health
requirements, including ALARA.

4. Strengthen the ALARA program to include increased accountability
and involvement of operations personnel in the overall reduction
of total person rem.

5. Develop a plan to identify and minimise signific.nt radiation
source terms for reduction to achieve overall lowering of
radiation exposure to personnel.

6 Provide and implement a plan by March 31, 1987, to update NUSAR
on a continuing basis to meet DOE Orders and plant needs.

7 Continue the Technical Specification Update Program working off
known deficiencies and plant needs on a priority basis. Assure
that changes to technical specifications are consistent with the
Safety Analysis Report.

8. Establish a system for trending conditions adverse to quality,
and for obtaining correction of the root causes of adverse
trends. By October 31, 1986, de7elop and present formally to
DOE a challenging, but achievable, schedule for development and
implementation of this program.

9. Establish and implement an audit and surveillance schedule that
provides comprehensive coverage of all important functions.
Provide to DOE evidence that this program has found problems,
required examinations of the underlying causes, and ensured
timely correction of underlying causes.

10. Develop and adhere to a challenging, but achievable, schedule
for issue of all necessary implementing procedures for Quality
Assurance requirements. Present this schedule to DOE by October
31, 1986.
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TABLE H.2 cont'd

11. Establish and implement definitive and detailed Quality
Assurance plena for projects undertaken by UNC. Review existing
projects for weaknesses and ravise existing plans as appropriate
to ensure that responsibilities can be traced to individual
organisational positions and that the specific procedures for
accomplishing the elements of the plan are identified. By
October 31, 1986, present to DOE a challenging, but achievable,
schedule for accomplishment of this objective, including an
assessment of the scope of work involved.

12. Reevaluate current UNC procedures and practices with respect to
Nonconformance Report's and Design Changes. Clarify for
Richland the decision criteria that allow some changes to the
physical plant to not be categorised as Design Changes or
Nonconformance Reports. The explanation should be in the
context of the requirements of NnA-1, and analogies to
commercial industry practices are to be provided. Provide
clarification to DOE by November 14, 1986.

13. Develop s system that brinp delinquent corrective action for
audit findinp, Corrective Action Requests, and significant
issues directly to the attention of top management. Implement
the system and present to Richland by January 5, 1987.

TABLE H.3 DOE-UNC Award Fee Criteria and Standards for Reactor
Operations, October 1, 1986 - March 31, 1987

Reactor Operations Criterion: Effectively manage N Reactor and
support facilities to assure safe, reliable, and cost-effective
attainment of production goals.

Evaluation Standards:

1. Meet operation directives and Cost Allocation Plan milestones.
2. Meet all the production goals as established in the fiscal year

baseline document (600 KMWD, 3.092 BKWHE).
3. Achieve 1.65 BKWHE during the bonus period from November 1, 1986

through March 1, 1987.
4. Complete all the outages as scheduled with planned scope of work,

maximizing production goals.
5 Demonstrate improved operation. Operator error caused shutdowns

not to exceed two with target to achieve zero. Accomplish 50
percent reduction in unscheduled shutdowns over FY 1986.

6 Maintain shipment of fuel to PUREX that is consistent with run
plan and is not impacted by lack of adequate support services.

7. Perform startup readintss activities in compliance with
ertal-lished proce.:ure.
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TABLE 11.4 DOE-UNC Award Fee Criteria and Standards for Operations
Support, October 1, 1986 - March 31, 1987

Reactor Operations Support Criterion: Conduct operations support
activities to achieve Cost Allocation Plan milestones and to assure
that maintenance, training, engineering, and other services res It in
continued safe, secure, quality, cost-effective attainment of
production goals.

Evaluation Standards:

1. Meet Operation Directives and Cost Allocatic I Plan milestones.
2. Demonstrate improved planning, scheduling, and performance with

emphasis on coordination and timeliness to assure efficient
utilization of resources and achievement of program requirements.

3. Perform trend analysis to identify root problems and implement
appropriate corrective actions.

4 Demonstrate improvement in procedural compliance emphasizing
reduction of personnel errors.

5. Strengthen and document the current design change review process.
6. Demonstrate that training programs are managed in a

cost-efficient manner which results in improved management,
operation, and maintenance of facilities and programs.

7 Achieve industry credibility of certified operator/supervisor
training programs as compared to current INPO accreditation
criteria. Complete a self-evaluation of training programs to
INPO criteria by January 30, 1987. Submit a plan to implement
programs meeting criteria by March 30, 1987.

8 Continue implementation of the N-Reactor Inservice Inspection
(ISI) and Inservice Testing Plan (ITS) as specified by UNI-1997
and the N-Reactor Technical Specifications, for Class I only.

offices typically consisted of audits aimed at verifying compliance
with DOE Orders. There have also been particular cases in which
the local offices used industry standards that are not mandatory
DOE requirements as criteria for appraising contractor perfor-
mance. 132] In sum, the local field office appraisals are yet another
mechanism by which DOE can promote the adoption of new stan-
dards at the production reactors. Local DOE field office staff
informed the committee in interviews that they viewed DOE Or-
der 5480.1, which refers in passing to the Department's objective
of comparability with commercially licensed reactors, as providing
the authority to employ NRC and commercial standards in assess-
ing contractor performance, whether or not those standards are
specifically cited in DOE Orders. [33]
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TABLE H.5 DOE-UNC Award Fee Criteria and Standards for the Safety
Enhancement Program, October 1, 1986 - March 31, 1987

Safety Enhancement Program Criterion: Develop and execute a program
to implement safety review recommendations.

Evaluation Standards:

1. Issue final program plan by October 17, 1986.
2. Develop activity schedules by January 1, 1987, maintain quarterly

progress consistent with program plan, and maintain overall
program schedule variance within two reeks--excellent, three
weeks--very good, and four weeks--satisfactory.

3. Complete development and testing of the N-Reactor System Analysis
(RELAP5) and Containment Analysis Code (HECTR) set--March 1,
1987.

4. Update five-year core surveillance plan--February 1, 1987.
5 Issue N-Reactor 1986 Annual Surveillance Report--February 28,

1987.
6. Complete qualification testing of pressure tube NDE equ'ilme,-: -

March 31, 1987.
1. Complete evaluation of Inte."m Installation Helium Gas S, stem

Chromatograph Performance by March 31, 1987.

VERIFICATION OF COMPLIANCE

There are several types of appraisals and audits conducted by
the local DOE field offices. These include functional appraisals,
operational readiness reviews, incident reviews, and quality assur-
ance audits. These appraisals, reviews, and audits are typically
conducted by fewer than three members of the field office staff.

The frequency with which the local DOE offices conduct the
various types of appraisals depends upon the particular appraisal.
Functional appraisals are expected to occur on a schedule that
is drawn up at the beginning of the fiscal year. However, such
schedules often are revised as the year progresses in order to
make allowance for changes in staff availability, which is severely
constrained both because of the small rumber of safety staff in
the DOE local offices and because of the large number of facilities
that must be appraised at each site. For these reasons, there
have been severe fluctuation? from year to year in the number
of appraisals conducted, and extended periods of time between
appraisals covering particular areas of reactor safety.

Operational readiness reviews are conducted prior to reactor
startup during extended outages. The frequency of these reviews
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is strictly a function of the production cycle. Incident reviews,
of course, are ad hoc in nature and are conducted on a sched-
ule determined more or less by the frequency of incidents at the
reactors.

The criteria that are used to conduct DOE field office ap-
praisals are also a function of the type of appraisal. The func-
tional appraisals examine contractor performance in a particular
area of reactor safety, such as maintenance training [34], criticality
control [35], technical specifications [32], or operator training [36].
The criteria for these appraisals are either standards prescribed in
he DOE Orders or standards that are generally applicable in the

commercial reactor industry. Operational readiness reviews are
much narrower in scope; they are aimed primarily at assessing the
degree of compliance with operating procedures during the previ-
ous production run or compliance with maintenance and job plans
for work conducted during that outage. DOE field offices have for-
mal protocols for conducting functional appraisals and operational
readiness reviews. By contrast, the reviews of reactor incidents do
not seem to follow formal procedures, and do not appear to be es-
pecially probative. [58, 59] They tend to involve judgments by the
local DOE staff concerning whether the contractor is rer onding
to an incident in a way that the staff feels is appropriate. [33]

It is difficult to predict whether the appraisals organized by
DOE headquarters this past year will prove to have been effective
in achieving the various purposes for which they were organized
verifying compliance with DOE Orders, establishing comparability
with licensed reactors, and achieving a high level of safety. In Oc-
tober 1986, in response to the Technical Safety Appraisal and the
Design Review, the N-Reactor contractor developed a plan for
a Safety Enhancement Program. [60] That plan was broadened
in December, upon releabe of the Roddis panel findings, and a
schedule for implementing the recommendations of all three safety
reviews conducted at N Reactor W83 accelerated. [61] A previously
planned outage of the N Reactor was extended from three months
to six months in order to implement, or begin implementing, the
various recommendations. Congressional action prompted a fur-
ther extension of the outage at least another three months. [62]

Savannah River produced a similar "combined appraisal re-
sponse" to the recommendations of the Technical Safety Appraisal,
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the Design Review, and a headquarters Quality Assurance ap-
praisal. [63] Although the contractor's response indicates that vig-
orous work is under way to upgrade the safety of the Savannah
River reactors in line with the recommendations, a significant
number of the contractor's responses merely indicate that an issue
will receive further study. Such a response might be more reas-
suring were it not for the fact that DOE has previously identified
areas needing remediation that the contractors have not fully ad-
dressed. For example, some of the functional appraisals conducted
in the last three years at Savannah River cite recommendations
that DOE or its predecessors made several years ago but have not
been fully resolved by the contractor, one for as long as a decade.
[37,38]

Delay in implementation is not unique to Savannah River. Im-
plementation of standards is also slow at N Reactor. One instance
of significant delay in application of standards at N Reactor relates
to the environmental qualification of reactor electrical equipment.
In 1984 the contractor at the N Reactor hired the General Elec-
tric Company (GE) to assess the need to environmentally qualify
certain systems at N Reactor. GE submitted a report in March
1986 [39] that stated that some systems would need to be qualified
to meet the applicable standards. The contractor's environmental
qualification program has been incorporated into the N Reactor
accelerated safety enhancement program [40], but it will be several
years before all of the equipment in the plant can be reviewed to
determine what needs to be upgraded to meet the standard. (41]
Obviously, such delayed application serves to limit the effectiveness
of the standard in assuring safety.

The committee found indications that DOE does not vigor-
ously ensure that all of the requirements imposed by its Orders
are implemented in a timely manner. In some cases, as noted in
the main body of the report, DOE has extended formal waivers of
certain requirements.

For example, in 1977 the operating contractor at N Reactor
suggested a better system for the control of liquid effluents, but
DOE did not accept the UNC proposal. (42] On March 20, 1984,
however, DOE transmitted an Order (DOE Order 5820.2) to UNC
that etated, in effect, that a discharge of liquid effluents to the sand
cribs at the N Reactor was unacceptable. [43] DOE directed that:
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Disposal operations involving discharge of liquid Low Level Waste
(LLW) directly to the environment or on natural soil columns
shall be replaced by other techniques such as solidification prior
to disposal or in-place immobilisation, unless specifically approved
by Heads of Field Organisations, in consultation with [DOE h:.ad-
quarters].

The Order has still not been applied to N Reactor, however,
because a waiver was granted authorizing continued use of the
cribs. [43,44] In light of the $80 million to $100 million cost to
upgradt. the effluent control system and the limited lifetime of the
facility, it is possible that the waiver will be extended throughout
the remaining lle of the reactor.

DOE'S OBJECTIVE OF COMPARABILITY

The design, construction, awl early operation of DOE's pro-
duction reactors preceded the establishment of commercial reactor
regulations. Furthermore, tF production reactors themselves dif-
fer significantly from commercial reactor types. These considera-
tions have made it impractical to adopt, directly, NRC regulations
for application to DOE production reactors. Nonetheless, as noted
above, over the years DOE has publicly stated that one of its gen-
eral safety objectives is to ensure that DOE nuclear facilities are
safer thar,, or at least as safe as, comparable NRC licensed facili-
ties.

The stated DOE objective of comparability with commercial
reactors emerged in the 1960s, in the early years of commez-
cLi reactor licensing. The agency asked the contractors for Vie
production reactors to conduct safety analyses using the safety
philosophy on which the licensing procers was based. [45-48] The
purpose was to determine whether modifications to the production
reactors were needed in order to achieve the same level of safety
required of commercial reactor license applicants.

After these early reviews of comparability, he safety philoso-
phy used to oversee the production reactors became ease, :ally
the same as that used to regulate commerc ial react rs. Tiiis
safety philosophy is based on the concept of "design-basis" ac-
cidents. Design-basis accidents are hypothetical accidents that
are defined to establish design .,quirements and set operating lire
its for the plant- These accidents were not defined as the most
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severe accidents that could be envisioned, but rather were less se-
rious accidents that, although viewed as improbable, were credible
occurrences. A "single failure" criterion was also used in assessixiz;
designs. A safety system was to be available to perform its func-
tion even if one Active cor ponent of the system was assumed to
have failed, in addition to whatever failures were assumed to have
initiated the postulated accident. The purpose of the single failure
criterion was to promote reliability by requiring redundancy and
diversity in systems that must mitigate accidents: either two sep-
arate and independent systems of each kind, or a backup syqtem
capable of saving the reactor if the primary system were tr. fail.
The use of these principles in the review of the production reac-
tors, sometimes years after the plants were constructed, has led
to the installation of important backup safety systems and other
safety equipment upon which the safety of these reactors currently
depends. [49]

Today, the objective of comparability is included in DOE
Orders [6], in the Du Pont contra. at Sayan- ah River [15], and in
contractor safety analyses. [50-5' t has aizic been used by DOE
headquarters and the DOE fie offices to evaluate contr Lctor
pelf.ormance in selected technica. -ear 33,53] Yet to date there
has been no consistent or clear specs.._ _ an of what comparability
means, nor of the methods to demonstrate that comparable levels
of safety are in fact being achieved. Thus, although comparability
has been a useful tool over the years that has led to improvements
in safety systems in the production reactors, it has not served as
a clear safety benchmark.

DCE has not specified the concept of comparability to an
extent that would alloy establishment of levels of safety to be
attained. In the absence of specific objectives, judgments and
interpretations are made in a decentralized and largely undocu-
mented fashion to adapt selected commercial standards and to
establish safety c 'feria for the DOE plants. This has resulted in
`he arbitrary and inconsistent application of commercial standard:,

the two pro.luction reactor sites. For example, the question of
hether the production reactors would meet commercial reactor
limits on radiation doses at the site boundary during and after an
accident depends on basic assumptions concerning the hypotheti-
cal performance of the produci,ioi, reactor confinement systems in
preventing the release of radionuclides as compared to commercial
reactor containment structures.
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Since 1964 the Atomic Energy Commission (AEC) and NRC
have employed a highly stylized set of criteria for determining,
during the review of a reactor license, whether a license applicant's
site is acceptable. These siting criteria are contained in Title 10
Part 100 of the Code of Federal Regulations. [54] The provisions of
10 CFR 100 define acceptable standards of radiation exposure at
the site boundary during normal operation and during accidents.
DOE's contractors are required to use the provisions of 10 CFR 100
as limiting conditions when conducting safety analyses of proposed
modifications to the production reactors. [6]

The requirements of 10 CFR 100 rest on an approach to
the analysis of possible nuclear plant accidents that dates to a
time when little was known about fission product release during
reactor accidents. The analytical method for determining site
acceptability presented in 10 CFR 100 involves:

. . . a fission product release . . . based on a major accident,
hypothesised for purposes of site snalysis or postulated from con-
sideration of possible accidental events, that would result in hasards
not exceeded by those from any accident considered credible. Such
accidents have generally been assumed to result in substantial melt-
down of the core with subsequent release of appreciAble quantities
of fission products. 1551

Commercial practice for establishing compliance with these
criteria has commonly been to choose a nonmechanistic accident
that would lead to severe damage to the entire core of the reactor.
This is then assumed to cause release to the containment building
of all the noble-gas inventory, 50 percent of the iodine inventory,
and 1 percent of the other fission products. Half of the iodine
released is assumed to plate out on the structures in the contain-
ment. The remainder of the fission products is assumed to be
available to leak from the containment at a rate set by the design
leak rate of the building, as this responds to the actual pressure in-
duced by the accident, and the performance of contLinment safety
systems (e.g., sprays).

In the commercial sector, therefore, the methodology for an-
alyzing conformity to 10 CFR 100 is closely tied to containment
of the nuclear reactor and to the method for deriving radioactive
"source terms" reflected in 10 CFR 100. Analysis of conformity to
10 CFR 100 for a reactor housed in a confinement structure, such
as a production reactor, would require iiterpretation and adjust-
ment of the analytical technique. How DOE and the contractors

r, --, --,4.10
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have gone about demonstrating conformity of the N and Savannah
River reactors to 10 CFR 100 illustrates the inconsistent applica-
tion of commercial reactor standards to the production reactors.

The analysis provided in the N-Reactor Safety Analysis Re-
port [561 of conformity to 10 CFR 100 assumes a mechanistic
accident initiated by a double-ended rupture of the largest pipe
in the primary cooling system of the reactor. This is followed
by the postulated failure of the emergency core cooling system
(ECCS). The contractor's analysis of temperature transients in
fuel deprived of primary coolant leads to the conclusion that, if
this accident were to occur, about 32 percent of the fuel would
melt, rather than the 100 percent assumed for commercial reac-
tors. From this fuel, 100 percent of the noble gases, 50 percent of
the iodine, and 1 percent of the other fission products are assumed
to diffuse out, reaching the confinement building. There, about
99.1 percent of the elemental iodine and 98 percent of the non-
volatile fission products are calculated to be removed by the fog
spray system, and further release of these constituents would be
attenuated by the filters in the confinement vent paths. The frac-
tion of fission products transmitted through the filters is assumed
to be 2 x 10-4 for elemental iodine and 10-6 for particulates.

The accident assumed in assessing 10 CFR 100 equivalence
for the Savannah River reactors [521 is relatively inconsequential
compared to others that might reasonably be regarded as equally
probable or nearly so. The analysis is based on an accident that
involves only a 3 percent core melt. Yet if the same accident were
to be considered for a Savannah River reactor as was used in the
N-Reactor analysis (that is, large pipe break followed by complete
ECCS failure), the result would be full core melt of the reactor in a
short period of time. The fission product release from an accident
of this magnitude, or even one approaching it, would likely exceed
the guideline dose estimates of 10 CFR 100.

10 CFR 100 was designed to assist in siting nuclear power
plants with containments and provided a mechanism for balancing
site population characteristics with containment design features
in commercial reactor licensing. The production reactors, on the
other hand, were sited prior to the promulgation of 10 CFR 100
and built with confinements not containments. The attempt to
use 10 CFR 100 at the production reactors as a standard for
assessing the acceptability of plant modifications or comparability
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with commercial reactors has been inconsistent and is difficult to
defend.

Efforts at the production rr ....tors have focused on selecting
and justifying hypothetical accidents for which the requirements of
10 CFR 100 are met. Those hypothetical accidents have been less
challenging (for example, assumptions of 3 percent and 32 percent
core melt by the respective production reactor contractors versus
the assumption of 100 percent core melt by commercial reactor
license applicants) than those specified in 10 CFR 100. At the
same time, however, analyses at the production reactors of larger
accidents involving full core melt have been performed and used
in designing new safety systems. [57] In effect, then, 10 CFR 100
has been embraced as a means )f demonstrating compliance in
safety analysis reports rather than as a real tool for assuring the
protection of the public. As noted in the main body of the report,
DOE needs either to clarify the purposes for which 10 CFR 100
is to be used or develop a more meaningful standard for assuring
public health and safety.
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Appendix I
Selected Reactor Safety-Related

Provisions of the Du Pont-DOE and
UNC-DOE Contracts

I. Provisions of the Du Pont-DOE Contract of October 24, 1984

A. Excerpts from Article IIDescription of the Undertaking

". . . The Contractor is requested and authorised, subject to the
approval of the Department as hereinafter set forth . . . to do
all things which in the Contractor's judgment are necessary or
desirable for the development, design, construction, installation
and operation of new production facilities and the performance of
other work, within the scope of Appendix C... .

"... The new production facilities ... will involve certain technical
developments which go beyond any experience which has been had
at the Hanford Project or any other installation of the [Atomic
Energy] Commission and the attainment by the Contract of the
objectives of the project cannot b. assured. The Contractor under-
takes to use all reasonable efforts to carry out the project and to
attain the objectives thereof. It is u iderstood and agreed, however,
that all work hereunder is to be d )ne at the expense and risk of
the Government and that the Contractor makes no representation
or guarantee that such objectives will be achieved."

B. Excerpt from Article XXIIISafety, Health, and Fire Protec-
tion

"The Contractor shall take all reasonable precautions in the per-
formance of the work under this Contract to protect the health and
safety of employees and of memb-re cf the public and to minimize
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danger from all hrsards to life and property, and shall comply with
all health, safety, and fire protection regulations and requirements
(including reporting requirements) of the AEC. In the event that
the Contractor fails to comply with said regulations or require-
ments ... , the Contracting Officer may ... issue an order stopping
all or any part of the work; thereafter a start order for resump-
tion of work may be issued at the discretion of the Contracting
Officer. Additionally, in connection with both its construction and
operations activities, the Contractor will also conform to its health,
safety, and fire protection rules and practices.'

C. Text of Article XLINuclear Reactor Safety

"The activities performed under this Contract include the operation
of reactor . . . facilities. . . . The Contractor recognizes that such
operations involve the risk of a radiological incident which, while
the chances are remote, could adversely affect the public health
and safety as well as the environment. In the conduct of these
activities, the Contractor will, therefore, exercise a degree of care
commensurate with the risk involved.

"The Contractor shall comply with all applicable regulations of the
Department concerning nuclear safety, and with those requirements
(including reporting requirements and instructions) of the Depart-
ment concerning nuclear safety of which it is notified in writing by
the Contracting Officer.

"Prior to the startup of any reactor ... and prior to any subsequent
startup following a change which represents, in the opinion of the
Contracting Officer or the Contractor, a significant deviation from
the procedures, equipment, or analyses described in the safety
analysis reports or other hazards summary reports foi that facility,
the Contractor shall:

a. Prepare a safety analysis report, technical specifi-
cations . . . , administrative control procedures, and
detailed plans and procedures designed to assure the
safe operation and maintenance of the facility. . . .

b. Establish and document the nuclear safety control
procedures to be used within the Contractor's organi-
zation to ensure competent, independent review and
internal approval of the safety analysis report, technical
specifications . . . , and detailed plans and procedures
specified . . . above.
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c. Submit to the Contracting Officer for his approval
such procedures relating to nuclear safety as may be
designated by him.

d. Carry out a program of initial training, audit, and
periodic requalification designed to assure that all per-
sonnel who will be engaged in nuclear operations or
maintenance understand and follow approved plans and
procedures that ensure nuclear safety and are qualified
to perform their assigned functions.

e. Obtain the approval of the Contracting Officer prior
to startup of the nuclear facility.

`In the operation and maintenance of any reactor .. . facility under
this Contract, the Contractor shall use all reasonable efforts to:

a. Assure that all operational and maintenance activi-
ties are performed by qualified and adequately trained
personnel, and . .. are conducted ender the supervision
of personnel who are qualified and authorized to evalu-
ate any emergency condition, and take prompt effective
action with respect thereto.

b. Operate the reactors within the limits of the tech-
nical specifications. . . . The Contracting Officer will
consult with the Contractor in drafting and revising
such technical specifications... .

c. Follow strictly the procedures relating to nuclear
safety approved by the Contracting Officer in 3.a and
3.c above and submit to the Contracting Officer for his
approval any proposed changes in such procedures.

d. Establish an auditable, well-defined internal nuclear
safety review and inspection system approved by the
Contracting Officer (including review of inspection re-
ports by competent technical personnel) that will: (i)
provide frequent and periodic checks of facility perfor-
mance and of the qualifications and training of oper-
ating and maintenance personnel, and (ii) provide for
investigation of any unusual or unpredicted conditions
that might affect safe nuclear operations.

e. Report promptly to the Contracting Officer any
change in the physical condition of the nuclear facility
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or its operating characteristics that might, in the judg-
ment of the Contractor, affect the safe operation of the
facility.

f. Shut down or terminate operations at the facility
immediately whenever so instructed by the Contracting
Officer, or whenever, in the judgment of the Contractor,
the risk of radiological incident endangering persons or
property warrants such action.

g. Prepare . . . a plan for minimising the effects of
a radiological incident upon the health and safety c'
all persons on the site; cooperate with the Contracting
Officer in his preparation of a plan to protect the public
offsite; instruct its personnel as to their participation
in such plans and any personal risk to such personnel
that may be involved; and participate in such practice
exercises as may be desirable to assure the effectiveness
of such plans.

"In the operation, maintenance, or construction of any reactor . . .

facility under this Contract, upon order of the Contracting Officer
in the interest of nuclear safety, the Contractor shall stop all or any
part of the work. Any oral stop order shall be confirmed in writing.
Thereafter, any order for resumption of the work must be issued in
writing by the Contracting Officer."

D. Text of Article LIIIReview of Federal and Department Reg-
ulations and Directives

"From time to time the Department will transmit to the Contrac-
tor certain Federal and Department Regulations and Directives,
the provisions of which the Contracting Officer proposes for imple-
mentation by the Contractor under the Contract. The Contractor
agrees promptly to:

1. Review and evaluate the impact of such provisions on
the Contractor's obligation under the Contract as well
as on the safe and efficient operation and management
of the Plant, and

2. Either accept in writing or provide comments thereon
to the Department.
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After the Department reviews such comments and at its reruest,
the Department and Contractor will jointly evaluate the applica-
bility of such provisions to the Contract. For provisions to be
adopted, the Contractor will provide a plan of implementation to
the Department.'

E. Excerpts from Appendix CScope of Work

Purpose. s. . . It is the purpose of this Appendix 'C'. . . to identify
major additions to, and retirement of, facilities . . . and to define
the activities expected to be required on a continuing basis. .. .

Operation of the Plants. 'It is the understanding of the parties that
as to the facilities now available or contemplated; .. .

Develop and implement appropriate Quality Assurance programs.

Use of plant facilities for the following activities is specifically
affirmed as work under the Contract:

Maintenance of a continuing campaign to increase safety
in reactor operation with special emphasis on the equiv-
alence of production reactors to licensed reactors and
on consultative assistance to the Nuclear Regulatory
Commission'

ii. Provisions of the UNC-DOE Contract of January 1, 1984, as
amended

1IIIIM

A. Excerpts from Attachment 2, Statement of Work and Services,
Part I, Work to be Performed Other Than Fuel Fabrication

1. Reactor Operations and Management Services

". . . Operation of N Reactor shall include: operation of the
N Reactor ... in a safe and productive manner; maintenance
-1 the reactor complex; management of associated wastes and
control of effluents; storage and management of spent fuel;
training; coordination with HGP on byproduct steam delivery
and production planning.

"Initiation of recommendations to DOE for the modifica-
tion, improvement, alteration, or repair of existing facilities
or construction of new facilities as the Contractor considers
essential for the continued safe and efficient operation of the
facilitits. Due consideration will be given to the impact on
the environment.

4i 4
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2. General

`The Contractor shall perform the maintenance wcrk neres-
sary for the efficient operation of the fac."ties to the era,nt
such work is included in work programs agreed to in writing
between the Contractor and DOE. Projects which ... requ;-...
the issuanc' of a directive therefore by DOE shall not be
undertaken until such directive has been issued.

"In carrying out the work under this contract, the Contractor
shall be responsible for the employment ,f all professional,
technical, skilled, and unskilled personnel engaged .. . by the
Contractor ... , and for the training of personnel...."

3 Att.achment 3: General Provisions

"Safety and Health

The Contractor shall take all --monahle precautions
in the performance of the work under this contract to
protect the safety and health of employees and of mem-
bers of the public and shall comply with all apprcabie
s. fety and health regulations and requirements (includ-
ing reporting requirements) uf DOE. The "- ntracting
Officer shall notify, in writing, the Contractor of any
noncompliance with the provisions of this clause and
the corrective action to be taken. Idle_ receipt of such
notice, the Contractor shall immediately take such cor-
rective action. In the event that the Contractor fails to
coral 'y with said regulations or requirements of LOE,
the Coot-acting Offi may ... issue an order topping
all or acy part of the wort ; thereafter a start order fc.
resumption of the work may be issued at the discretion
of the Contracting Officer... .

"Nuclear Facility Safety Applicability

a. The activities under this contract include the op-
eration of nuclear facilit;es. The Contractor recognizes
that such operation involves the risk If a radiological
incident which, while the chances are I.( mote, coula ad-
versely affect the public hezlth and safe ry as well as the
environment. Therefore, the Contractor will exercise a
degree of care comme- surate with the risk involved.

4 i k)
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b. The Contractor shall comply with all applicable
regulations of DOE concerning nuclear safety and with
those requirements (including reporting requirements
..nd in-'ructions) of DOE concerning nuclear safety of
which . £ notified in writing by the Contracting Officer.

c. Prior to the initial startup of any nuclear facility
under thin contract and prior to any subsequent startup
following a change which reprsents a significant de-
viation from the procedures, equipment, or analyses
described in the safety analysis reports or other hazards
summary reports for that facility, the Contractor shall:

1. Prepare a safety analysis report including tech-
nical specifications and detailed plans and proce-
dures designed to assure the safe operations and
maintenance of the facility.

2. Establish nuclear safety control procedures to
be used within the Contractor's organization to
insure competent independent review avid internal
approval of the safety analysis report and the de-
tailed plans and procedures specified in (1) above.

3. Submit to the Contracting Officer for his ap-
proval such procedures relating to nuclear safety
as may be designated by him.

4. Carry out a program of initial training and
periodic rev-lification designed to astore that all
personnel who will be engaged in nuclear oper-
ations or maintenance understand the approved
plans and procedures for nuclear safety and are
qualified to perform their assigned :unctions.

5. Obtain the approval of the Contracting Officer
prior to start-up of the facility.

d. In the operation and maintenance of any nuclear
facility under this contract, the Contractor shall:

1. Use al' .asonable efforts t. sure that all
operational and maintenance activities are per-
formed by qualified and adequately trained per-
sonnel, and except as otherwise agreed in writing,
are ccnducted under the supervision of personnel

r. -.,.....,4 i 0
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who are qualified and authorised to evaluate any
emergency condition and take prompt effective
action with respect thereto.

2. Operate the facility within the technical spec-
ifications which are approved by the Contracting
Officer.

3. Follow strictly thl procedures relating to nu-
clear safety approved by the Contracting Officer
in (c)(3) above, and submit to the Contracting
Officer for his approval, any proposed changes in
such procedures.

4. Establish an auditable, well-defined, internal
safety review and inspection system approved by
the Contraeing Officer (including review of in-
spection reports by competent technical person-
nel) that will: (a) provide frequent and periodic
checls of facility performance and of the qualilica,
tions and training of operating and maintenance
personnel, and (b) provide for investigation of any
unusual or unpredicted conditions that might af-
fect safe operation.

5. Report promptly to the Contracting Officer
any change in the physical condition of the facil-
ity or its operating characteristics that might, in
the judgment of the Contractor, affect the safe
operation of the facility.

6. Terminate operations at the facility immedi-
ately whenever so instructed by the Contracting
Officer, or whenever, in the judgment of the Con-
tractor, the risk of a radiological incident endan-
gering persons or property warrants such action.

7. Prepare, in cooperation with other services
and facilities available -..t the site and with the
approval of the Contracting Officer, a plan for
minimizing the effects of a radiological incident
upon the health and safety of all persons on the
site; cooperate with the Contracting Officer in his
preparation of a plzn to protect the public off-site;
L eruct its personnel as to their participation in

1. ... i
4 I
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such plane and any personal risk to such personnel
that may be involved; and participate in such
practice exercises as may be desirable to assure
the effectiveness of such plans.

8. At an appropriate time as determined by the
Contracting Officer, prepare and submit to the
Contracting Officer for his approval, shutdown,
decommissioning, decontamination, and property
management plans leading to orderly and safe
program disposition of the nuclear fa'ility and
any associated nuclear wastes or other hazardous
material.

9. In the event that the Contractor fails to comply
with said standards and requirements of DOE,
the Contracting Officer may, without prejudice
to any other legal or contractual rights of DOE,
issue an order stopping all or any part of the work;
thereafter a start order for resumption of the .:ark
may be issued at the discretion of the Contracting
Officer. "'he Contractor shall make no claim for an
extension of time or for compensation or damages
',y reason of or in connection with such work
stoppage."

r -.,
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Appendix J
Biographical Sketches of

Committee Members

RICHARD A. MESERVE is a partner in the Washington
law firm of Covington St Burling. He holds both a law degree
from Harvard Law School and a Ph.D. degree in applied physics
from Stanford University, where he did postdoctoral work on the
theoretical properties of paramagnets and techniques to calculate
molecular properties. In 1976, he was a clerk for Supreme Court
Justice Harry A. Blackmun, and in 1977 he was appointed Legal
Counsel and Senior Policy Analyst in the White House Office of
Science and Technology Policy (OSTP). At OSTP he helped de-
velop policies designed to promote the technological advance of
American industry and conducted reviews of energy technology
issues. In addition, he served as executive director of an intera-
gency committee concerned with nuclear power plant safety. Mr.
Meserve has been a member of several study committees of the
National Research Council, including most recently the Panel to
Study the Impact of National Security Controls on International
Technology Transfer.

DAVID C. ALDRICH is an assistant vice president at Science
Applications international Corporation (SAIC). He has worked
pri-narily on nuclear facility safety and waste management prob-
lems, and is an expert in radiological accident health, environ-
mental, and economic consequence evaluation. Prior to joining
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SAIC, Dr. Aldrich was supervisor of the Safety and Environmen-
tal Studies Division of Sandia National Laboratories, where he
worked on a wide variety of reactor safety issues, including man-
agement of an NRC-sponsored program to develop a new set of risk
assessment computer codes covering thermal-hydraulic behavior,
fission product source terms, and offsite consequences of severe
reactor accidents. He is a member of an International Atomic
Energy Agency (IAEA) advisory group on emergency response
decisionmaking, and is active in the Organization for Economic
Cooperation and Development (OECD) Nuclear Energy Agency
(NEA), having served as chairman of NEA's Group of Experts on
Radiological Accident Consequences.

GEORGE APOSTOLAKE3 is a professor in the Mechanical,
Aerospace, and Nuclear Engineering Department of the Univer-
sity of California, Los Angeles. His research activities are in the
development of methods for the assessment of risks from complex
technological systems, nuclear reactor safety, and toxic waste dis-
posal. He has published extensively on data analysis, human error
modeling, and fire risk assessment. He has been a consultant on
probabilistic risk assessment to private industry, government and
national laboratories, as well as international organizations. He
is a founding member and currently the president of the southern
California chapter of the Society for Risk Analysis. He is also
a vice president of the American Association for Structural Me-
chanics in Reactor Technology. He is coeditor of the international
journal Reliability Engineering and System Safety.

RICHARD S. DENNING is senior research leader for nuclear
safety at Columbus Laboratories, Battelle Memorial Institute. He
is an acknowledged expert in radioactive source term and sev, re
accident research. His work focuses on reactor safety and risk,
including core clie_cdown behavior, radionuclide transport, tran-
sient thermal hydraulics, and criticality and shielding analysis. He
ho!ds a Ph.D. degree in nuclear engineering from the University of
Florida.

RONALD GAUSDEN is currently a consultant on nuclear
energy. He is the former chief inspector of the Nuclear Installations
Inspectorate (NII) of the U.K. Health and Safety Executive. From
1960 to 1978, Mr. Gausden served in a number of supervisory
positions at the NII. Prior to that, he was group manager at
Windscale, where in 1957 a production reactor overheated during
a Wigner energy release causing a graphite fire and release of
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radioactive particulates. He has authored papers for professional
conferences on nuclear safety standards and nuclear power plant
regulatory procedures, and in 1982 was awarded the C.B. for
meritorious public service by Her Majesty the Queen.

DAVID L. HETRICK is professor of nuclear and energy en-
gineering at the University of Arizona in Tucson. His research
interests center on reactor dynamics and simulation. lie is an ad-
ministrative judge for the U.S. Nuclear Regulatory Commission,
and has recently served as an IAEA technical expert on assignment
to Mexico's Institute de Inver- igaciones Electrical. Dr. Hetrick has
also been a visiting professor of nuclear engineering at the Univer-
sity of Bologna, Italy. He has served as a consultant on reactor

namics to government and industry and is the authcr of many
articles on reactor phyaics an-I nuclear safety.

WILLIAM KASTENBERG is chairman of the Mechanical,
Aerospace, and Nuclear Engineering Department at the University
of California, Los Angeles. Hit; research focuses on nuclear reactor
safety, the development of risk-!,enefit and cost-benefit analysis,
and e.rvironmental modeling for nuclear power installations. He
has served as a senior fellow of the Advisory Committee on Reactor
Safeguards, where h. developed methods for applying probabilistic
acceptance criteria to nuclear and nonnuclear technologies. He
has been a consultant to a number of other governmental panels,
including the President's Nuclear Safety Oversight Committee.
He is the author of or 100 journal and proceedings publications
relating to reactor safety and risk asses,.nent, and recently served
as a member of the National Research Council's Committee on
Nuclear Safety Research.

HERBERT KOUTS is chairman of the Department of Nuclear
Energy at Br( okhaven National Laboratory. He was the fi.-st di-
rector of the Nuclear Regulatory Commission's (NRC's) Office of
Nuclear Regulatory Research, having previously headed the Divi-
sion of Reactor Safety Research at the Atomic Energy Commission.
He is a former member and chairman of the Advisory Committee
on Reactor Safeguards, and has been affiliated, either as a consul-
tant or as a member, w:th a number of national and international
groups focusing on reactor safety and safeguards, including the
NRC's Risk Assessment Review Group, the President's Nuclear
Safety Oversight Committee, the European-American Committee
on Reactor Physics, the DOE Defense Energy Task Force, the
American Nuclear Society (ANS) Special Commi.tee on Source
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Terms, and several New York city and state advisory commissions
on nuclear issues. He has also served on several advisory panels to
review the safety of the N Reactor and the Fast Flux Test Facility.
He is currently a member of the IAEA's Internationa' Nuclear
Safety Advisory Group and the National Academy of Engineering,
and is the recipient of several distinguished awards.

DAVID D. LANNING is professor of nuclear engineering at
the Massachusetts Institute of Technology (MIT). He has been
a consultant to a number of firms active in the electric utility
and nuclear industries, including Stone and Webster Engineer-
ing Corporation, Northern States Power, Boston Edison, and GA
Technologies. His professional interests include nuclear engineer-
ing education and the design, safety, control, and operetion of
nuclear reactor systems. In the 1950s he worked for General Elec-
tric (GE) at Hanford and in the 1960s for Battelle Northwest
Laboratories. At MIT, 'lie has been a co-principal investigator of
MIT's Program on Nuclear Power Plant Innovation in the area of
modular high-temperature, gas-cooled reactors and he is also the
group coordmator for the Advanced Instrumentation and Control
Program in the MIT Nuclear Engineering Department.

KAI N. LEE is associate professor at the Institute of Environ-
mental Studies and in the Department of Political Science at the
University of Washington. He is also a member of the Northwest
Power Planning Co.ncil, having been appointed to the Council
6y the governor of the State of Washington. He is a former mem-
ber of the Office of Technology Assessment's advisory panel cn
radioactive waste disposal, and has served on a number of Na-
tional Research Council committees, including past membership
on the Environmental Studies Board and current membership on
the Board on Radioactive Waste Management. His research in-
terests include energy and environmental policy, regional power
development, nuclear waste management, environmental conflict
and dispute settlement, and the influence of technological change
on American political life.

SALOMON LEVY is president and chief executive officer of
S. Levy Incorporated, an engineering consulting firm based in
Campbell, California, and also adjunct professor of mechanical
engineering at the University of California at Los Angeles. Dr
Levy is a former general manager of boiling water reactor oper-
atiols at GE. His research has included studies of heat transfer
and fluid flow, particularly two-phase flow, and nuclear reactor
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power plant design and analysis. He is a member of the National
Academy of Engineering and a fellow of the American Society of
Mechanical Engineers.

DANA A. POWERS is supervisor of the Reactor Accident
Source Terms Division of Sandia National Laboratories. Dr. Pow-
ers' particular research interests are the thermodynamics and ki-
netics of material processes under severe reactor accident condi-
tions. He has worked extensively on core debris interactions with
concrete and the behavior of radionuclides under accident condi-
tions. He has served as a consultant to the Advisory Committee
on Reactor Safeguards, the International Atomic Energy Agency's
review of the Chernobyl accident, and the Rogovin Commission
review of the Three Mile Island accident.

HENRY E. STONE recently became a consultant after a 38-
year career with GE in nuclear-related activities. He was at Knolls
Atomic Power Laboratory from 1950 to 1973 in various positions
of ref ,or and plant design, construction, operation, and training
and was general manager for the last six years. In 1974 he became
manager of operational planning in the GE commercial nuclear
business and in 1975 he became general manager of GE's Boiling
Water Reactor Systems Department. In 1977 he became general
manager of LI.: Nuclear Energy Engineering Division, with respon-
sibility for boiling ater rear or engineering, engineered equipment
procurement, and operation of the Val lezitos Nuclear Center. In
the early 1980s he served on an NAS committee study'ng nuclear
technology for space application and on a DOE safety panel of
light-water reactors. He was elected as vice president of GE in
1978 and chief engineer in 1984. Mr. Stone is a member of the
American Nuclear Society, fellow in the American Society of Me-
chanical Engineers, and a member of the National Academy of
Engineering.

THEO THEOFANOUS is a professor of chemical and nuclear
engineering and a. director of the Center for Risk Studies and Safety
at the University of California in Santa Barbara. He has served as
a consultant to the Advisory Committee on Reactor Safeguards
since 1971 and has participated in a -lumber of special Nuclear
Regulatory Commission advisory/review committees and panels,
most recently on one concerned with the peer review of NUREG-
1150. He participated in the Nuclear Regulatory Commission's
Task rjrce on the Chernobyl Accident and was a member of the
U.S. delegation to the LiEA special meeting on Chernobyl. He is
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an editor of the Journal of Nuclear Engineerin_ and Design. His
research centers on thermal-hydraulics and transport phenomena
in turbulent and multiphase systems, with particular emphasis on
nuclear and chemical reactor safety applications.

NEIL TODREAS is chairman of the Department of Nuclear
Engineering at MIT, where he has been teaching since 1970. He
serves as codirector of the MIT Summer Reactor Safety Program.
Prior to that, he was senior reactor engineer for the Division
of Reactor Development and Technology at the Atomic Energy
Commission, where he served as lead engineer on the design of the
core and reactor assembly of the Fast Flu- Test Facility. He is a
fellow of the American Nuclear Society (ANS) and the American
Society of Mechanical Engineers (ASME) and has chaired several
ANS and ASME committees. He is on the editorial bo..-d of the
Journal of Nuclear Engineering and Design, and is the author of
numerous technical articles and papers on reactor design methods
and thermal hydraulics.

WILLIAM WEGNER is president of Basic Energy Technol-
ogy Associates, Inc. (BETA), a sniall technical consulting group
specializing in providing assistance to nuclear utilities in the man-
agement, design, and operation of nuclear power plants. For 15
years prior to forming BETA, Mr. Wegner was deputy director
of the U.S. naval reactors pr'grams under Admiral Hyman G.
Rickover. In 1980-1981 he serves as a member of the staff of the
"Crawford Committee," which conducted a review of the safety of
DOE reactors.
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