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Preface

Following the nuclear reactor accident at Chernobyl in the Soviet
Union, Secretary of Energy John S. Herrington asked the National
Academy of Sciences and the National Academy of Engineering to put
together a committee with expertise in reactor-safety-related disci-
plines to review safety and technical issues at the department’s largest
reactors—those categorized as “Class A reactors.” The Academies
formed the Committee to Assess Safety and Technical Issues at DOE
Reactors, which began its study in August 1986.

At the committee’s first meeting, DOE officials requested that
the committee focus its initial efforts on the defense production
reactors—the Class A reactors that produce plutonium and tritium
for use in nuclear weapons. In October 1987 the committee released
its first report, Safety Issues at the Defense Production Reactors.
The report addressed specific safety and technical issues at the pro-
duction reactors and provided recommendations for improving the
overall structure and management of DOE’s safety system.

The present volume, the committee’s final report, covers the re-
mainder of the department’s Class A reactors. It addresses safety and
technical issues at five federal test and research reactors—facilities
operated by private contractors for DOE for purposes of scientific re-
search, radioisotope production, materials irradiation, and the devel-
opment of advanced reactor technology. The DOE test and research
reactors include the Advanced Test Reactor and the Experimental

vii
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Breeder Reactor II in Idaho, the Fast Flux Test Facility in Wash-
ington, the High Flux Beam Reactor in New York, and the High
Flux Isotope Reactor in Tennessee. (In 1987 a sixth test and re-
search reactor—the Oak Ridge Research Reactor in Tennessee—was
ordered permanently shut down by DOE.)

Although the original charge envisioned a study of safety issues
at the DOE reactors in light of the Chernobyl accident, the commit-
tee considered it more productive, given the unique designs of the
DOE reactors, to focus on issues identified during the study. Hence,
the committee interpreted its charge broadly, and the scope of the
committee’s two reports extends beyond a narrow examination of the
technical lessons of the Chernobyl accident for the DOE reactors.

In the course of its work, the committee examined extensive
documentation on the test and research reactors from DOE and its
contractors and conducted site visits at all five facilities. Additional
meetings were held for briefings from high-ranking department of-
ficials, from officials of the Office of Management and Budget, and
from contractor employees on technical subjects of particular inter-
est. The committee very much appreciates the assistance that was
so generously given.

One member of the committee, Herbert Kouts, is along-time em-
ployee of the Brookhaven National Laboratory. Because Brookhaven
is the operating contractor of the High Flux Beam Reactor, Dr.
Kouts excused himself from committee discussions concerning that
reactor and played no part in the formulation of those sections of the
report that deal with it.

A number of events have transpired since the issuance of the
committee’s report on the defense production reactors that are ger-
mane to this report. First, the department has endorsed all of the
committee’s recommendations and has taken a number of steps to
implement them. In response to the committee’s observations con-
cerning the need to strengthen internal oversight, the department’s
budget request for FY 1989 included large increases in funding and
staffing for the Environment, Safety, and Health (ES&H) organiza-
tion. ES&H is developing an overall safety objective, with assistance
from an ad hoc committee, and is undertaking revision and review
of the system of departmental orders. DOE has signed a memoran-
dum of agreement with the Institute of Nuclear Power Operations
(INPO) that will permit the department to draw upon the breadth of
experience that INPO has garnered in evaluating commercial nuclear
power reactors. The department has also informed the committee

viii
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that the technical issues discussed in the first report are being ag-
gressively pursued by DOE and its contractors. And, in response
to committee recommendations concerning the need for external, in-
dependent review, the department formed an Advisory Committee
on Nuclear Facility Safety. By May 1988 the advisory committee
had begun meeting on a regular basis. These are important changes
that will benefit all the reactors, and the committee applauds the
department’s efforts.

Second, as this report was going to press, Congress passed leg-
islation that will create a permanent safety oversight board with
responsibility for overseeing the department’s defense nuclear facil-
ities. Hence, the administrative structure for operating the DOE
reactors will change in ways that are not yet well defined. The com-
mittee has prepared this report to focus on issues that will remain
significant regardless of how the administrative structure is modified.

Third, during the course of the committee’s deliberations on
the production reactors, one of the test and research reactors—the
High Flux Isotope Reactor at Oak Ridge, Tennessee—was shut down
as a result of certain major deficiencies. The need to resolve these
deficiencies has delayed restart. The situation is thus similar to
that confronted by the committee in its examination of the defense
production reactors; the N Reactor had been shut down for safety
improvements in January 1987 following the publication of several
critical reports by an outside panel of experts. (The department
subsequently announced that the N Reactor would be placed in
“cold standby” for an indefinite period.) The committee pointed out
in its previous report that it had not reached any conclusions with
regard to restart of the N Reactor. A similar disclaimer applies to
this report insofar as restart of the High Flux Isotope Reactor is
concerned. As noted in the committee’s earlier report,

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.

Nonetheless, it is hoped that the committee’s observations will assist
the department in its evaluations.

In examining the test and research reactors, the committee faced
five extremely diverse facilities with different ages, missions, manage-
ments, design philosophies, and degrees of modification and upgrade.
Because the department’s articulation of a safety objective and of an
unambiguous regulatory framework is as yet unachieved—as noted
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above, this effort is under way—the committee did not have the
benefit of DOE benchmarks to guide in the evaluation of existing
or planned operations. As a result, the committee has had to base
its judgments on its experience in the field of reactor safety, call-
ing attention to safety issues that require resolution and practices
that seem to be obsolete or out of step with accepted norms. The
committee hopes that the conclusions and recommendations in the
report will lead to improvements at the test and research reactors in
a variety of areas.
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Executive Summary

The United States operates five nuclear reactors to produce ra-
dioisotopes for medical, industrial, and military purposes; to provide
neutron sources for use in scientific research; and to conduct irradi-
ation and other experiments in support of the government’s space,
fusion, and advanced reactor programs. Collectively referred to in
this report as the test and research reactors, these facilities are op-
erated by private contractors for the Department of Energy (DOE).
They include: the Advanced Test Reactor (ATR) and the Experi-
mental Breeder Reactor II (EBR-II), located at the Idaho National
Engineering Laboratory; the Fast Flux Test Facility (FFTF), lo-
cated on the Hanford Federal Nuclear Reservation in the state of
Washington; the High Flux Beam Reactor (HFBR) at Brookhaven
National Laboratory on Long Island; and the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory in Tennessee.

This report provides an assessment of safety issues at the DOE
test and research reactors. It identifies technical issues that are
applicable to each of the reactors and offers conclusions and rec-
ommendations relevant to their continued safe operation. It is a
companion volume to an earlier committee report on the defense
production reactors. As explained in that report, no attempt has
been made to address whether any of the DOE reactors is “safe” or
to define an acceptable level of risk for the DOE reactors. Although
such matters are important, an evaluation of this kind would require

1
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a balancing of costs and benefits that extends far beyond the limited
scope and capability of this committee. Rather, the report consti-
tutes an examination of a number of generic and specific safety issues
that are important to improving the safe operation and management
of DOE’s nuclear facilities.

The report is organized in two parts. Part A identifies six safety
issues of generic relevance to two or more of the test and research
reactors. These issues include the safety design philosophy of the test
and research reactors; the conduct of safety reviews; the performance
of probabilistic risk assessments; the reliance on reactor operators;
the fragmented character of the DOE management structure; and the
safety implications of the current budgetary climate for the test and
research reactors. Part B provides an assessment of issues specific to
each of the five reactors.

This report, like its predecessor, raises a number of safety-related
issues and provides recommendations that the committee hopes will
be helpful in resolving them. The principal conclusions and recom-
mendations contained in Parts A and B of this report are summarized
below. The committee encourages readers of this report to review
the committee’s previous volume, as many broad issues of safety
management discussed in that volume are equally important at the
test and research reactors.

GENERIC SAFETY ISSUES

The current system of line management of the DOE reactors
comprises a fragmented collection of contractors, operations offices,
and programmatic divisions in headquarters. The programmatic di-
visions have limited capabilities in the area of reactor safety. In
the current system, the capacity to carefully balance programmatic
needs against the safety needs of the reactors is modest. The struc-
ture tends to disperse responsibility for safety and seems to require
decisions with safety consequences by organizations that are divorced
from day-to-day safety responsibility. The previous report included a
recommendation that DOE strengthen the internal organization re-
sponsible for safety oversight of the reactors—the headquarters-based
Office of the Assistant Secretary for Environment, Safety and Health
(ES&H). Although the committee continues to hold the view that
strengthening the ES&H organization is important—and applauds
the department’s efforts in that direction—it has come to the conclu-
sion that the structure for line management of the Class A reactors
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also needs significant improvement. DOE should examine whether
line management of reactor operations ought to be the responsibility
of a central reactor operations group within the department.

The FFTF was recently constructed and thus incorporates a
wide variety of safety features. The other test and research reactors
were designed before modern safety philosophy had matured; as a
result, they lack the full complement of redundant and diverse safety
systems that are provided in modern commercial power reactors. In
part this may be justified by lesser stored energy, smaller inventory
of radionuclides, and in general more remote siting than commercial
nuclear reactors. Nonetheless, the risk profiles of the five test and
research reactors do vary significantly, and DOE currently lacks a
clear conceptual framework for addressing safety issues at the reac-
tors. The department needs to formulate a safety objective for the
Class A reactors and determine through careful evaluation whether
the test and research reactors, as currently configured, are capable
of achieving that objective. The committee does not prejudge the
conclusion; it merely urges that the issue be addressed forthrightly.

Over time, the missions of some of the test and research reactors
have changed, and the reactors have been modified, or reconfigured to
conduct safety tests, in ways that are more in line with their revised
missions than with their original ones. Some of the changes have
occurred without the benefit of thorough external review. DOE needs
to strengthen its requirements for the review of proposed changes to
the test and research reactors. The reactor contractors who have
not already done so should add independent members from outside
organizations to their existing safety review committees in order to
strengthen the review of safety issues.

Because most of the test and research reactors were designed
many years ago and because they have been modified to operate out-
side their original design bases, prevention and mitigation of some
potential accidents rely heavily on the proper and timely response
of reactor operators. In extreme cases, operators might have to act
in the presence of radiation or steam in order to prevent releases of
radioactive materials to the environment. The department should
examine the feasibility of installing equipment at the test and re-
search reactors to ensure that responses to reactor accidents are not
solely or primarily dependent on operator actions. At a minimum,
the contractors should provide the capability to operate from remote
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consoles outside the reactor confinements those valves that are lo-
cated within the confinements and may be needed to prevent fuel
damage.

Probabilistic risk assessment (PRA) is an important method-
ology for understanding and ranking the relative risks of accidents
at nuclear reactors. It has become an important part of modern
analyses for commercial reactors. Attitudes and approaches toward
PRA at the test and research reactors, however, are inconsistent,
and the PRAs that have been completed to date are not persuasive.
DOE should require that all of the test and research reactors conduct
PRAs using state-of-the-art techniques, complemented by state-of-
the-art deterministic analyses. For its part, DOE needs to acquire
the capability to oversee the PRA review process to ensure that re-
viewers’ comments are appropriately addressed. And, of course, any
weaknesses in the plants that are revealed by the contractors’ PRAs
must also be confronted. In general, the execution of a PRA provides
an important mechanism by which DOE and the contractors can gain
greater insights into reactor safety systems.

This is a time of tight budgets in the federal government. The
Office of Management and Budget (OMB) has adopted a strategy
of requiring safety and programmatic needs to compete for the lim-
ited pool of federal dollars that has been allocated to the test and
research reactors. While this strategy may be justified by the need
to restrain the growth of the federal budget, it could have adverse
safety implications unless special vigilance is maintained. To ensure
that programmatic objectives do not intrude on the attainment of
safety, the department should establish an unambiguous safety ob-
jective with clear safety requirements, and should strengthen line
management to implement them. The department should also main-
tain effective oversight by a revitalized ES&H organization and by
an external oversight committee. DOE should identify and defend
requests for funding for safety needs separately from those for pro-
grammatic needs. Finally, DOE should formalize plans for the even-
tual retirement and/or replacement of the older test and research
reactors.

TECHNICAL ISSUES AT THE FIVE REACTORS

This part of the report deals with specific issues at each of
the five test and research reactors. One common theme is that,
although modernization of safety analyses is occurring at some of
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the test and research reactors, there appears to be no central guiding
philosophy. The modernization efforts are guided by the diverse
attitudes and safety philosophies of the DOE contractors, rather
than by any apparent central departmental policy to upgrade and
rationalize the analyses. Another common theme of Part B is that
some of the operating contractors have not kept up to date with
safety activities and ways of thinking about safety that have evolved
within the commercial nuclear industry.

Modernization of safety analyses at the Advanced Test Reactor
(ATR) is proceeding along an appropriate path. However, there is a
need to develop greater understanding of potential hydrogen-related
challenges to the ATR confinement, and there are numerous acci-
dent analyses that remain to be completed. These analyses will be
particularly intricate owing to the unique design of the ATR. Ade-
quate resources, sufficient time, and thorough peer review must be
available in order for these analyses to produce credible results. In
the ATR design, a reduction in the amount of water in the exper-
imental loops results in an increase in the criticality of the reactor
(a positive void coefficient of reactivity). This means that loss of
water from and/or depressurization of one or more of the loops can
result in a rapid increase in power, potentially resulting in extensive
core damage. The committee knows of no practical design change
that would remove this vulnerability while also allowing the reactor
to continue to achieve its mission. Loop operators at the ATR are
typically among the least trained personnel, are isolated from the
main control room, and have been involved in a number of recent
incidents. The contractor and DOE need to upgrade the existing
training program for experiment operators, and the program needs
to include a more careful review of existing procedures based on ex-
perience operating the experimental loops. ATR management should
ensure that experienced operators are on duty in the experimental
loop area during each shift.

At the Experimental Breeder Reactor II (EBR-II), there are
currently no plans to conduct a PRA of any kind. Although the
plant has a number of passive safety features that suggest a high
level of plant safety, a PRA can help to determine whether the ex-
pected strengths of the design, such as the shutdown cooling system,
have unanticipated weaknesses. Even if the EBR-II design is found
to perform well in transient-initiated accidents, other accident vul-
nerabilities may exist. The contractor should conduct a PRA that
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includes careful evaluation of the risk of refueling accidents, the re-
liability of the EBR-II reactor protection system, and the reliability
of containment isolation.

The Fast Flux Test Facility (FFTF) at Hanford is in the midst
of converting to the use of metal fuel. The FFTF fuel conversion
presents a number of safety issues that are only partially resolved.
Adequate resources and more realistic schedules may be needed to
allow the completion of the necessary analytical and experimental
work. Because operation of the reactor using metal fuel is a signifi-
cant modification, in-depth reviews by the contractor’s safety review
committee, the Office of the Assistant Secretary for Environment,
Safety, and Health, and the DOE Advisory Committee on Nuclear
Facility Safety will be necessary. In the course of these reviews,
particular attention needs to be devoted to analyses of transient
over-power events and the behavior of new safety devices (so-called
gas expansion modules) that will be relied upon after the conversion
to metal fuels.

The contractor is also considering a project that would transform
the facility into a power producer. DOE should carefully weigh
whether such a venture offers sufficient benefits to justify the added
cost in increased complexity and diffusion of the FFTF mission.

The FFTF contractor also needs to undertake a PRA. In light of
the conversion to metal fuel, the PRA should examine the evolution
of loss-of-flow and transient over-power events into core disruptive
accidents using state-of-the-art methods. The use of FFTF’s filtered
vented containment to cope with a severe accident should be inves-
tigated using the latest information about debris coolability, steel
and concrete penetration rates, radioactive source terms, and the
potential for containment pressurization.

The High Flux Beam Reactor (HFBR) has been modified to
operate at a power level above its original design basis. This modifi-
cation has involved a significant change in the safety philosophy for
the facility in that it has created the potential for fuel melting under
loss-of-coolant conditions. Since many of the emergency operations
include heavy reliance on reactor operators to respond to potential
accidents, a realistic assessment should be made of potential doses
to operators to ensure that adequate protection is provided both to
individuals at the site and to the public in the event of an accident.
In addition, the contractor’s recent preliminary analyses of dynamic
thermal-hydraulic effects during flow reversal following loss of forced
flow conditions, and of potential reactivity accidents caused by the
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addition of light water into the in-core thimbles, should be confirmed
and subjected to independent peer review. Planned improvements to
provide remote reading of water level in the core at stations where
light water can be added to the reactor coolant system should be
promptly implemented.

The High Flux Isotope Reactor (HFIR) has been shut down
since November 1986 when unexpected embrittlement of the reactor
pressure vessel was discovered. A range of management deficiencies
was subsequently discovered. DOE must ensure that the steps taken
to correct deficiencies at HFIR continue to be effectively implemented
both by the contractor and by the local DOE operations office.

The HFIR pressure vessel has become embrittled, and further op-
eration cannot be conducted in compliance with the original criterion
for ensuring pressure vessel integrity. The contractor has formulated
an alternative strategy of operation, but thus far insufficient effort
has been applied to a realistic assessment of the consequences of
vessel failure. The contractor should reanalyze the consequences of
vessel failure in light of modern knowledge of radionuclide releases
and modern methods of accident analysis.
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Introduction

Following the April 26, 1986, accident that devastated Unit
Four of the Chernobyl Nuclear Power Plant in the Soviet Union,
the Secretary of Energy requested that the National Academy of
Sciences and the National Academy of Engineering review safety and
technical issues at the department’s Class A reactors—those capable
of producing more than 20 MW of thermal power. The committee
began its study by focusing on the department’s defense production
reactors and issued a report on that subject in October 1987. The
committee then turned its efforts to a review of the department’s
remaining Class A reactors—the Advanced Test Reactor (ATR),
the Experimental Breeder Reactor II (EBR-II), the Fast Flux Test
Facility (FFTF), the High Flux Beam Reactor (HFBR), and the
High Flux Isotope Reactor (HFIR). These are the test and research
reactors—the subject of this report.

COMPARATIVE OVERVIEW OF THE
TEST AND RESEARCH REACTORS

The test and research reactors represent three distinct groups of
facilities. The first consists of EBR-II and FFTF, which are under
the budgetary and programmatic jurisdiction of DOE’s Assistant
Secretary for Nuclear Energy. They are unique in their use of liquid
sodium metal as a coolant, and are, in fact, the only liquid metal
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reactors (LMRs) in operation in the United States. Originally built
as testbeds for the development of large-scale liquid metal reactors
for use by the commercial power industry, EBR-II and FFTF are
primarily used to test the effects of irradiation on developmental
LMR materials, components, and fuels, and to investigate the pas-
sive safety characteristics of LMR designs. Both reactors have had
shifting and highly uncertain missions since the withdrawal of federal
support for construction of a demonstration LMR—the Clinch River
Breeder Reactor project. Funding for the Clinch River reactor was
terminated by the Congress in 1983.

The second group of test and research reactors consists of two re-
actors producing especially high neutron fluxes—the high flux beam
and high flux isotope reactors. Both HFBR and HFIR are under
the budgetary and programmatic jurisdiction of the DOE Office of
Energy Research. Although HFBR and HFIR can and are used on
a relatively small scale for testing the effects of radiation on mate-
rials, they were originally built for different purposes. HFBR was
constructed with neutron scattering research as its principal mis-
sion, whereas HFIR was built with radioisotope production in mind.
Together, HFBR and HFIR represent the bulk of the nation’s invest-
ment in user facilities for neutron scattering research. As befits their
status as user facilities, both reactors have separate areas set aside
as experiment rooms where scientists can use beam tubes and can
collect and analyze experimental data. In addition, over the last 20
years HFIR has been the primary U.S. source for a variety of high-
assay radioisotopes with important scientific, medical, and industrial
uses.

The ATR falls in the third group of reactors. It differs from
the others in mission—it is the principal irradiation facility for the
development of advanced naval reactor fuels and materials—and line
responsibility for the reactor is not assigned to any single DOE
program. Budgetary jurisdiction and decisions on what tests will
be conducted in the reactor are the responsibility of the Deputy
Assistant Secretary for Naval Reactors, while line responsibility for
safety rests with the Assistant Secretary for Nuclear Energy.

RADIONUCLIDE INVENTORIES AND DECAY POWER

The Department of Energy’s test and research reactors are small
in comparison to defense production reactors and modern commer-
cial nuclear power reactors. Table 1 provides a comparison of the
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TABLE 1 Power Levels and Radionuclide Inventories

Decay Heating Rate (MW)
Radionuclide at Various Times After

Operating Fuel Mass Invento Shutdown

Reactor Power (MWt) (kg) {ci} 508 10,0008
HFIR 85 el 43x10] 28 063
HFBR 60 12.4= 2.1)(107 2.7 0.52
EBR-II 62.5 345 d '7.6!(108 2.3 0.59
ATR 250 39-46 . 2.4!(108 12.6 24
FFTF 400 2,928 = 3.1x10 20 -
Commercial £ 9

PWR 3,414 101,100 = 1.6x10 100 26
Savannah

River 9 . .

Reactor  2,016& 1130008 2.2x10 154  es!

Radiologically important isotopes of Kr, Xe, I, and Cs calculated at
shutdown for refueling.

9 »

U':’-&n approximate value is given neglecting breeder material and test
fuel.

Range of U metal loadings.

(U,Pu)O,, including blanket material.

vo,. *

Power typically varies from 660 MW to 2,915 MW; all values in this row
assume full power operation.

Derived on the basis of 1,240 kg of U-285 in the Mark 15 charge with an
enrichment of 1.1 percent.

Derived from the ratio of decay power to operating power for the Mark
31 charge.

[ BLa T LN (- P Lo (-

.-

SOURCES: Alpert et al., 1986; Church et al., 1988; Petry et al., 1986;
Steimke, 1986; EG&G Idaho, Inc., 1988s; Argonne National Laboratory,
EBR-II Fission Product Inventory, 8100 MWD Q 62.5 MW Activity After
Shutdown; Westinghouse Hanford Company, 1987x; Brookhaven National
Laboratory, 1988]; Martin Marietta Energy Systems, Inc., 1987aa.

operating power levels of a typical commercial pressurized-water re-
actor, the defense production reactors operated by DOE at Savannah
River, and the five test and research reactors. As can be seen, the
test and research reactors operate at thermal power in a range from
60 to 400 MW, whereas a modern commercial power reactor and the
Savannah River reactors typically have a thermal power of approx-
imately 3,000 MW. This means that, other things being equal, the
test and research reactors pose less risk than a Savannah River reac-
tor or a commercial power reactor; the systems are at lower pressure,
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and there is less energy in normal operation to “drive” an accident
or to disperse radionuclides.

Table 1 also shows the amounts of fuel used in the test and
research reactors. In new cores, the fuel mass of the test and research
reactors is more than an order of magnitude less than that of a typical
commercial power reactor or a Savannah River reactor. Again, the
smaller fuel mass, in conjunction with the lower total power, is
indicative, other things being equal, of lesser risk.

These differences in scale are accompanied by differences in com-
plexity. With the possible exception of the liquid metal reactors
(FFTF and EBR-II), the test and research reactors are generally far
less complex in design than either the defense production reactors
or commercial nuclear power plants; they have less cable and piping
and fewer pumps, valves, and safety systems. Simplicity is generally
a desirable characteristic—assuming a streamlined system provides
adequate safety protections—because of reduced aggregate probabil-
ity of component failure and ease of system maintenance, control,
and analysis.

If core cooling were to be lost in a reactor, radionuclides in the
reactor fuel would provide the driving force, in the form of decay
heat, for fuel melting and accident propagation. The rates of decay
heat generation in the test and research reactor fuels are also shown
in Table 1. In an absolute sense, the decay heating rates produced in
test and research reactor fuel are all smaller than those produced in
commercial nuclear reactor fuel. Thus, the systems needed to remove
decay heat in an accident are smaller in these reactors than in com-
mercial pressurized-water reactors or the Savannah River reactors.
However, the decay heating rates per unit mass of fuel are larger for
the test and research reactors than for typical commercial reactors.
This indicates that under emergency conditions the time available to
reestablish core cooling and prevent fuel damage is shorter. Hence,
emergency core cooling is at least as important for the test and
research reactors as it is for commercial reactors.

Finally, Table 1 shows the inventories of the more volatile radio-
nuclides—isotopes of krypton, xenon, cesium, and iodine. The in-
ventories for the test and research reactors are all more than a factor
of 3 (and at HFBR a factor of nearly 50) less than those in a typical
commercial pressurized-water reactor or one of the Savannah River
reactors. Nonetheless, the radionuclide inventories in the test and
research reactor fuels are not insignificant. Even the smallest of the
test and research reactors contains several million curies of volatile
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radionuclides that must be controlled during an accident. Thus, al-
though the potential threat at the test and research reactors may be
appreciably less than at commercial reactors or at the production

reactors, design and operation must be approached with care and
vigilance.
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Part A
Generic Safety Issues
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Overview

The Department of Energy (DOE) faces a formidable challenge
in ensuring the safe operation of its Class A reactors for several
reasons. First, the designs of the reactors are dissimilar to one an-
other and to commercial nuclear reactors. Hence, the methods of
analysis used to evaluate the safety of either commercial reactors
or other DOE reactors may need extensive modification before they
can be appropriately applied to these facilities. Moreover, the ex-
tensive experience of the nuclear utility industry with commercial
reactor operation has not been thoroughly applied to the Class A
reactors. The department and its contractors have maintained safety
largely through their own efforts without effectively drawing upon
the extensive support network that exists in the commercial reactor
world.

Second, the majority of the reactors were designed in the 1950s
and 1960s, and problems of physical aging, such as vessel and beam
tube embrittlement, are now being encountered. Moreover, in the in-
terval since the reactors were originally built, the demands of society
for safety of nuclear plants have increased. Thus, although severe fuel
damage during design-basis accidents may have been an acceptable
risk at the time the reactors were built, the risk associated with such
an accident may not be acceptable today, particularly if protection
of the public would require that operators take emergency actions in

17
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hazardous radiation and steam environments, as it might at some of
the test and research reactors.

Third, the reactors are operated under a fragmented manage-
ment system. Responsibility for the reactors originally rested with
the Atomic Energy Commission (AEC). Many of the regulatory and
associated functions of the AEC were transferred in 1974 to the Nu-
clear Regulatory Commission (NRC), but the responsibility for the
Class A reactors was eventually lodged with DOE. Within DOE, the
day-to-day management responsibility currently rests with local op-
erations offices, while programmatic responsibility—including the re-
sponsibility to seek funding for safety programs and modifications—is
assigned to several different assistant secretaries. The transfer of re-
sponsibility from AEC to DOE, and the division of responsibility
within DOE, while perhaps aiding in the accomplishment of the vari-
ety of missions of the department, has impeded the development of a
coherent strategy for defining, achieving, and maintaining the safety
of the Class A reactors.

Fourth, as the programs have evolved, some reactors have been
modified to enhance their capacity to serve their missions, and in
some cases the missions have changed. For example, one of the reac-
tors (HFBR) serving the programs of the Office of Energy Research
now operates at a higher power level than specified in the original
design. (The higher power level has yielded a greater neutron flux,
which has increased the value of the reactor as a research tool.) One
finds a similarly changing situation at FFTF. With the demise of
the Clinch River Breeder Reactor program, the mission of FFTF
has been redefined, and FFTF is now being used to conduct safety
tests that were not part of the original mission of the reactor. In-
deed, planning is under way to redirect the mission of FFTF again.
(EBR-II provides yet another example of a reactor with a changing
mission.)

Operating nuclear reactors in ways that depart from their orig-
inal design can have serious safety implications. Although DOE has
recognized this fact and has examined the safety implications of most
of the changes that have been made, the fact remains that the de-
sign changes have, in some instances, reduced safety margins. (As
discussed below, some important modifications to the HFIR reactor
were not reviewed and approved by DOE prior to installation.)

Fifth, as the committee noted in its report on the defense pro-
duction reactors [National Research Council, 1987|, there has been
a change in the way safety is conceived and implemented. The AEC
placed great reliance on its reactor contractors and could do so be-
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cause the contractors’ employees were instrumental in designing the
reactors and had an intimate knowledge of them. As time has passed,
some of the original contractors have relinquished operation of the
plants, and most of the employees who were instrumental in the
design of the reactors have retired. Concomitantly, the depth and
strength of the contractor staffs have diminished, establishing a need
for more formal processes to ensure safety. In addition, public atti-
tudes toward reactor safety have evolved, and this has necessitated
a departure from the more personal and informal management of
reactors that existed in the past. DOE has had to adapt to this
change, but has done so slowly and incompletely.

Finally, as discussed in the previous report, the department has
failed to articulate a coherent safety objective that clearly delineates
the requirements that these reactors must satisfy. In the absence
of such a clear safety benchmark, there is no well-defined basis to
determine those areas in which improvement is needed. As a result,
some critical decisions, including judgments as to when a particular
reactor has reached the end of its effective life, are not guided by a
coherent and accepted safety framework that balances the risks and
benefits of particular missions.

In the report on the production reactors, the committee urged
the department to address the problems that these developments
have created. It was recommended that DOE establish a clearly
articulated and documented safety objective, that it specify and
implement orders that reflect that objective, and that it maintain
vigilance to ensure the objective is being satisfied. It was further
recommended that the department strengthen its internal oversight
arm (ES&H) and establish strong external oversight in a new ad-
visory committee. DOE was also urged to expedite training aimed
at restoring critical safety functions and controlling critical safety
parameters in the event of abnormal conditions. Finally, the depart-
ment was urged to address a series of other technical issues. The
department has acknowledged the validity of these recommendations
and has initiated actions to respond to them. While this effort is to
be applauded, the problems are deep-rooted and will not yield im-
mediately to solutions; they will require continued effort at all levels
in the department for years to come.

The committee’s observations on the need for change have been
reinforced by its examination of the test and research reactors. The
previous recommendations are generally valid for these reactors as
well. However, there are several points of a generic nature that
deserve particular attention.
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Conclusions and Recommendations

SAFETY DESIGN PHILOSOPHY

Conclusion: Several of the DOE’s test and research reactors
were designed and constructed before modern safety philos-
ophy had matured. Some of the reactors are not protected
by sufficient defense-in-depth measures to prevent certain
accidents that could cause partial or extensive fuel damage.

A particular safety philosophy—termed defense-in-depth—was
employed in the design of nearly all reactors that are operating today.
Defense-in-depth aims to provide multiple lines of defense against
damage and includes the incorporation of redundant and diverse
engineered safety features that would be automatically actuated in
order to ensure that accidents initiated by events with even very low
probability (such as a double-ended break of a major coolant pipe)
do not lead to damage. Modern commercial reactors not only have
systems to control releases of radioactive materials in the event of
fuel damage, they also have systems that are expected to preclude
significant fuel damage.

Although FFTF and, to a lesser extent, EBR-II were designed
with a high degree of defense-in-depth, accidents at the other test
and research reactors involving single failures of reactor systems,
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such as breaks in pipes, could lead to significant fuel melting, with
the potential for the release of a substantial fraction of the inventory
of radioactive material in the fuel to the confinement and possibly
into the environment. Because of the comparatively small inventory
of radionuclides in the cores of these reactors, and the mitigative
effect of the safety systems that are available, the consequences of
these accidents are calculated to be small for the general public—that
is, less than the dose limits prescribed by the NRC for design-basis
accidents (10 CFR 100).

The HFIR, for example, does not have an emergency core cooling
system capable of dealing with large pipe breaks. As a result, loss-
of-coolant accidents involving breaks larger than 3 in. are estimated
to lead to extensive fuel damage. In the event of such accidents,
doses at the site boundary are calculated to be less than the NRC
limits found in 10 CFR 100, assuming that 100 percent of the fuel
is damaged during the accident but that other systems function as
designed to attenuate the release of volatile radionuclides.

The approach to safety used in the design of the older test and
research reactors was characteristic of the time in which they were
built. By virtue of their small sizes and remote locations, it was felt
that the reactors did not represent a serious hazard to the public,
even if an accident were to occur involving significant fuel damage.
It is not clear, however, that such an approach is acceptable today.
The department needs to take appropriate steps to estimate the
probability of events involving fuel damage at the test and research
reactors, and ensure that those probabilities are acceptably small.

Recommendation: Once DOE establishes its new safety objectives,
it should carefully evaluate the degree to which the test and research
reactors satisfy them. Thereafter, DOE should reevaluate compliance
with safety objectives at regular intervals.

SAFETY REVIEW PROCESS

Unreviewed Safety Questions
Conclusion: There have been instances at the test and re-
search reactors where design changes were implemented or

tests conducted without the benefit of a formal, ezternally
reviewed safety analysis.
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In its review of plant documentation at the test and research
reactors, the committee found instances where design changes had
been implemented or tests conducted that were outside the original
design bases. For example, as discussed in greater detail below, at
HFIR the contractor implemented changes to components in the
reactor, without the requisite review and approval by DOE, that
increased the estimated probability of a core damage accident by
2 orders of magnitude. (This problem was subsequently rectified.)
Good practice dictates that formal analyses of the effect of changes
to a reactor be conducted before the changes are implemented.

Regulations governing the implementation of design changes are
set out in 10 CFR 50.59 for commercial nuclear power plants licensed
by the NRC. These regulations, and the supporting guidance on their
implementation, prescribe a process for determining whether any
proposed change in operations or in the configuration of plant systems
involves an “unreviewed safety question.” If an unreviewed safety
question is determined to exist, the plant is expected to complete
and submit to the NRC for approval prior to implementation an in-
depth safety analysis of the proposed change. (An NRC licensee must
also follow very formal procedures, subject to audit by the NRC, for
the review of changes that are found not to constitute an unreviewed
safety question.)

In theory, DOE reactor contractors are subject to a similar re-
quirement. The department’s orders include a provision that requires
that proposed changes be examined to determine whether any unre-
viewed safety question exists. If the change involves such a question,
the contractor must submit a safety analysis to DOE for approval.
This provision is important because it is one of the few mechanisms
for assuring external review of changes to the DOE reactors. The
committee found, however, that DOE has failed to provide suffi-
ciently detailed guidance to the contractors to ensure that consistent
procedures are used in analyzing proposed changes. DOE has also
failed to closely audit contractor performance to ensure that unre-
viewed safety questions are being fully addressed.

Recommendation: DOE should strengthen its exzisting requirements
for the analysis of proposed changes to plant systems, proposed changes
in procedures, proposed ezperiments, or other preplanned deviations
from the previously analyzed safety design basis in order to ensure
that changes to reactor operations that can affect safety undergo a
thorough, formal, independent safety review prior to smplementation.
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Safety Review Cammnittees

Conclustion: Safety review commattees have been set up by the
contractors at each of the test and research reactors. These
committees review plant safety, reactor operations, and the
safety of experiments. In the case of the liquid metal cooled re-
actors, they also review ezperiments on the plants themselves.
Because almost all the members of these review committees
are in-house contractor employees, the committees may not
bring sufficient independent judgment to the consideration of
safety matters.

Contractors at the test and research reactors have established
safety review committees whose members are drawn from the plant,
the rest of the organization at the site, or an affiliated laboratory.
(At one reactor (HFIR) the in-house committee is complemented
by an independent review committee that draws its members from
outside the contractor organization; however, this second committee
was established only at the beginning of the current year and meets
infrequently.) While the chairmen of some of the safety review com-
mittees are empowered to call upon expert consultants from outside
organizations, in practice such advice is seldom solicited.

Itis good practice for safety review committees to have a portion
of the membership drawn from outside the operating company. Out-
side membership can help the safety review committee achieve a more
balanced and acceptable judgment on technical issues, particularly
on contentious subjects on which there may be differences of opinion
within the operating organization itself. Independent members can
also supply knowledge and experience from outside the organization
and thus provide a mechanism for the cross-fertilization of ideas.
Moreover, the presence of experienced independent members on a
safety review committee can provide an important measure of public
confidence in the integrity of the committee process.

In recognition of the important role of the safety review com-
mittees and to provide a sounder basis for audits, a set of general
criteria and guidelines applicable to safety review committees would
be useful. It is particularly important that the committees have the
authority to set their own agenda and are free to examine safety is-
sues of their own choosing, not solely those that are brought to them
by DOE or the contractor. To ensure that the criteria and guidelines
for safety review committees are implemented in a consistent fash-
ion and the committees are working effectively, a plan for regularly
auditing the committees should be developed and implemented.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19106

Safety Issues at the DOE Test and Research Reactors: A Report to the U.S. Department of Energy
http://www.nap.edu/catalog.php?record_id=19106

25

Recommendations: The Safety Review Committees for the test and
research reactors should be strengthened by the addition of independent
members. DOE should establish criteria and guidelines for the effec-
tive operation of the committees, and should develop and smplement
plans for ES8H audits.

Review of Safety Tests

Conclusion: Although Argonne (EBR-II) and Westinghouse
(FFTF) developed special procedures for their transient test-
ing programs and had the programs reviewed internally, al-

most no ezternal (outside the company) reviews were per-
formed, other than by DOE staff.

Safety tests are typically performed with reduced safety margins
in comparison with those in place during normal plant operations.
It is perhaps not surprising, therefore, that there is a history of ac-
cidents occurring during the performance of safety tests at nuclear
reactors. The accidents at Windscale (England), NRX (Canada),
EBR-I (Idako), and Chernobyl (Soviet Union) all occurred during
such tests. Based in part on this historical record, the committee
believes that safety tests at any reactor should be subjected to par-
ticularly careful review.

The transient testing program at EBR-II is intended to demon-
strate the “inherent” or passive safety characteristics of the metal-
fueled, pool-type, liquid-metal-cooled reactor design of the EBR-IL.
By design, the series of tests involved significant decreases in plant
safety margins and increased accident risks. In preparation for the
test program, which began in 1984, test procedures were developed
by the staff and were reviewed internally by the EBR-II safety and ex-
periment review committees and by the ANL Reactor Safety Review
Committee comprising Argonne staff assigned to other parts of the
laboratory. Temporary waivers from restrictions in reactor technical
specifications were submitted for approval to the DOE Chicago op-
erations office, where they were reviewed by a safety program officer.
They were also reviewed for concurrence by the Idaho operations of-
fice and the program office (Nuclear Energy) at DOE headquarters.
Similar types of reviews were undertaken for the transient testing
program at FFTF.

An important characteristic of the reviews at EBR-II and FFTF
is that, for the most part, they were all performed internally. Vir-
tually the only reviews of the safety tests at EBR-II and FFTF
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conducted by individuals outside the contractor organizations were
those by DOE, which has very limited capability to perform this
function.

Prior to the breakup of the AEC, safety tests of the type con-
ducted at EBR-II and FFTF would have been required to be sub-
mitted for review by the Advisory Committee on Reactor Safeguards
(ACRS). DOE could have used the services of the ACRS under the
current law, but elected not to refer these tests to that body. The
ACRS is made up of knowledgeable individuals from a variety of or-
ganizations and with a diversity of expertise, thus providing careful
external review of technical issues. With the formation of DOE’s new
Advisory Committee on Nuclear Facility Safety, an option now exists
for similar review of significant safety tests at the DOE reactors.

Recommendation: Proposals to conduct significant safety tests, like
the transient test series conducted at EBR-II and FFTF, should be
carefully reviewed in advance by the DOFE Office of the Assistant Sec-
retary for Environment, Safety, and Health and by the DOE Advisory
Committee on Nuclear Facility Safety. More generally, DOE needs to
establish criteria to determine the types of activities that will require
review and approval by the DOE advisory committee.

PROBABILISTIC RISK ASSESSMENT

Conclusion: Efforts to produce probabilistic risk assessments
(PRAs) for the test and research reactors are uneven, indsi-
cating that the value of a PRA in risk management is not
unsformly appreciated by DOE and its contractors.

Attitudes toward PRA at DOE and among the contractors of the
five test and research reactors vary significantly. The ATR contractor
is conducting a Level 3 PRA; the HFIR contractor has completed
a Level 1 PRA; the HFBR contractor is about to begin a limited,
low-priority PRA activity; and the EBR-II and FFTF contractors
are not planning to undertake any PRA work at all. (As explained in
the committee’s report on the production reactors, a Level 1 PRA is
limited to calculations of the probabilities of fuel damage accidents.
A Level 2 PRA includes estimates of the timing, types, and amounts
of radioactive materials that could be released from the facility. And
a Level 3 PRA includes calculations of risks to public health and the
economic consequences of potential releases.)

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19106

Safety Issues at the DOE Test and Research Reactors: A Report to the U.S. Department of Energy
http://www.nap.edu/catalog.php?record_id=19106

27

One of the arguments presented to the committee for not con-
ducting PRAS for the test and research reactors was that the reactors
contain small inventories of radioactive materials and the associated
risk from accidental release is very small in comparison to the risk
from commercial nuclear power plants. Although this assessment of
risk may be accurate, the committee nonetheless believes that the
insights to be gained from a PRA, in understanding plant safety
and guiding decisions on plant modifications, fully warrant the effort
and expense involved, even for the test and research reactors. The
argument that the small size of the reactors translates into relatively
little risk to public health does not alter the fact that the risk must
be strictly controlled; as noted in Table 1, the radionuclide inven-
tories in these reactors are not trivial. The PRA process provides
a systematic methodology for exploring various accident scenarios
and can lead to a better understanding of the importance to safety of
various systems, designs, procedures, maintenance activities, and hu-
man performance, and thereby can help to guide decisions affecting
those matters.

In the late 1970s, the nuclear power industry debated the rel-
ative merits of PRA and conventional deterministic analyses. By
the 1980s, a general consensus had developed within the reactor
community that both deterministic analysis and probabilistic risk
analysis should be applied in understanding and managing the risks
of nuclear reactors. The committee does not accept the argument
that deterministic analyses—with their reliance upon such ill-defined,
qualitative terms as “hypothetical” and “highly unlikely” accidents—
provide a sufficient basis for all safety decisions. Deterministic anal-
yses simply cannot provide the insights into the relative importance
of potential accidents or contributors to accidents as those derived
from the use of probabilistic methods. Both methods should be used.

The HFIR experience with PRA provides a good example of
the value of PRA as a systematic evaluation tool. In 1985 an ad
hoc committee at HFIR recommended certain modifications to the
reactor to improve irradiation capabilities [Martin Marietta Energy
Systems, Inc., 1985a]. The first phase of the project involved redesign
of the reactor target tower and associated reactor components in
order to permit on-line measurements of instrumented target samples
during reactor operations. These modifications were being completed
when the HFIR PRA was begun. In the course of conducting the
PRA, it was quickly discovered that a major pathway to core damage
(one referred to as “flow blockage due to the target tower centering
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ring coming out of its groove”) had been created directly as a result
of the modifications to the target tower. Indeed, the mean frequency
of core damage attributed to this scenario was calculated to be
very high (2.6 x 10~2 per reactor year), and immediate action was
taken to remedy the situation. An O-ring was removed from the
target tower design, eliminating the scenario of principal concern.
Additional modifications resulted in lowering the estimated overall
core damage frequency to 5.1 x 10~* per reactor year. While this
example raises questions concerning the adequacy of the original
design of the target tower and the safety review that accompanied
the design modification, it also illustrates the usefulness of PRAs for
evaluating proposed plant modifications and for identifying changes
to the plant or to the procedures that can reduce risk.

The committee’s report on the defense production reactors high-
lighted several features of PRAs that can add to their credibility.
Two bear repeating here in connection with the test and research
reactors.

First, by their very nature, PRAs rely heavily on the judgment
of experts. This is one of the reasons that makes an independent peer
review of a PRA essential. The credibility of any review, of course,
still depends, as well, on the quality of the reviewers and the scope
of their effort. In order to ensure a probing review, it is generally
recognized that reviewers should be selected from diverse sources
(e.g., from academia, industry, and the national laboratories). There
are indications that some of the test and research reactor contractors
may not be following these guidelines—in one case, purportedly
because of problems arising from federal laws relating to the need
for competitive bidding in federal contracting [EG&G Idaho, 1988]].
Furthermore, in the one instance to date where external reviewers
have been assembled (HFIR), the committee found that the PRA
contractor was not fully responsive to reviewers’ comments, and there
was inadequate oversight of the review by the reactor contractor and
by DOE [SAROS, 1988; Pickard, Lowe & Garrick, 1988].

Second, while the overall structure of a PRA is fairly well estab-
lished, there are some areas in which the methodology is still evolv-
ing. A state-of-the-art PRA would obviously encompass the latest
methodological developments in these areas, which include analyses
of human reliability, potential external initiators of accidents (e.g.,
earthquakes, high winds, fires, and floods), model uncertainties, and
the proper elicitation of expert opinion. The analysis of potential
external accident initiators is an essential aspect of modern PRAs,
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and the proper elicitation of expert opinion is of particular impor-
tance to DOE’s reactors because of their unique designs. Formal,
state-of-the-art methods for eliciting and using expert opinions are
described in the technical literature, including a set of PRAs that is
being developed for the NRC (NUREG-1150).

There is a general need for an integrated approach that encom-
passes the development and application of state-of-the-art probabilis-
tic and deterministic analyses at the older test and research reactors.
Consideration should be given to the development of a formal, in-
tegrated safety assessment program (ISAP), along the lines of the
ISAP initiated by the NRC at the Millstone I and Haddam Neck

nuclear power plants in 1985 or the ISAP-II recently proposed by the
ACRS.

Recommendation: All of the DOE Class A reactors should have Level
1 PRAs. The need for Level 2 and Level 3 PRAs should be given
careful consideration, particularly if a facility 18 ezpected to operate
for an ezxtended period of time, or if the insights they may provide are
needed in evaluating the costs and benefits of future modifications.

These PRAs should be performed using techniques that sncorpo-
rate state-of-the-art treatment of human reliability, ezternal events,
and uncertainty analysis and recent approaches to the systematic elic-
station of ezpert opinton. They should be subjected to a high-quality
peer review, and DOE should acquire the capabslity to oversee the PRA
review process to ensure that PRA contractors are fully responsive to
reviewers’ comments.

DOEF should also consider developing a formal, integrated safety
assessment program for the older test and research reactors.

RELIANCE ON OPERATORS FOR EMERGENCY ACTION

Conclusion: In response to potential accidents at some ofthe
test and research reactors, reactor operators must open valves
or scram the reactor manually because there are no alternative
systems to prevent core damage and fisston-product release.
In eztreme cases, some of these operations would have to be
undertaken in hazardous steam and radiation environments.

When the HFBR is operated at 60 MW, the operators may be re-
quired to open certain valves inside the confinement in environments
that could be hazardous to their health, in order to prevent poten-
tial accidents from progressing to core damage and fission product
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release. At the ATR, emergency procedures require operator action
in order to mitigate potential design-basis core-damage accidents,
again in circumstances in which the operators might have to act in
a hazardous environment. Procedures involving heavy reliance on
operators have also been proposed at HFIR and FFTF and approved
by the safety review committees, although in both of these cases
project management overruled the proposals.

In general, it is poor practice to rely solely or even primarily
on operator action for essential safety functions. Indeed, it is now
customary in the commercial sector to include automated systems
that provide adequate margins of safety against incorrect operator
action or against complete failure of the operators to act. Such
systems are obviously of particular importance if operators would
otherwise have to perform critical functions in environments that
could be hazardous to their health and that would endanger the
public if not performed successfully.

A critical lesson learned from the Chernobyl accident is the
importance of the training and retraining of reactor operators—
both formal and on the job. This point was emphasized in the
committee’s report on the defense production reactors, but it needs
to be reaffirmed here since it applies to the test and research reactors
as well.

Recommendation: DOE should examine the feasibility of installing
equipment at the test and research reactors to ensure that responses
to reactor accidents are not primarily dependent on operator action.
At a minimum, DOFE should ensure that reactor operators have the
capability to operate from remote consoles outside the confinements.
Care must be taken to ensure that remote operation of these valves
cannot be accomplished prior to reactor shutdown, and more smpor-
tantly, to ensure that installation of a remote console reduces rather
than increases accident risks.

DOE MANAGEMENT OF REACTOR OPERATIONS

Conclusion: Management responsibility for safety within the
Department of Energy is fragmented. The current division of
responsibslity may tinhibit the formulation and implementa-
tion of coherent and uniform design requirements and opera-
tional practices.
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The Department of Energy asserts that the assurance of safety
is a line responsibility, subject to oversight by the ES&H organiza-
tion in headquarters. The report on the defense production reactors
emphasized the importance of strengthening the ES&H organization
to ensure that the safety oversight function is performed vigorously.
Strengthening the ES&H organization was thought to be particularly
important for the defense production reactors, and we hold the same
view for the test and research reactors as well. However, the commit-
tee has come to the conclusion that the structure of line management
within DOE may also need to be improved.

The test and research reactors are operated by five different
contractors, with responsibility for day-to-day oversight delegated to
“local” DOE operations offices that report to the Under Secretary.
(Largely for historical reasons, the Chicago operations office has
responsibility for both the HFBR on Long Island and the EBR-
IT in Idaho, even though there is an Idaho operations office with
responsibility for the ATR.) In addition to contractors and operations
offices, there are several different divisions at DOE headquarters with
programmatic responsibility for operation of the test and research
reactors. Two of the test and research reactors (HFIR and HFBR) are
within the programmatic purview of the Office of Energy Research.
Another two (EBR-II and FFTF) are programmatically important
to the operations of the Assistant Secretary for Nuclear Energy. And
one reactor (ATR) supports activities that are almost exclusively
part of the programs of the Deputy Assistant Secretary for Naval
Reactors.

The multiplicity of contractors, operations offices, and program-
matic divisions at headquarters, along with the diversity of missions
of the reactors, has led to considerable unevenness in operating prac-
tices. The suitability of the existing arrangement is undermined by
the absence of adequate staff in the DOE line management who are
sophisticated on safety and operational matters, and by the fact that
ES&H is not yet sufficiently strong to establish a unified and coher-
ent safety strategy. In effect, the system relies almost exclusively on
the skills and competence of the contractors. While the contractors
are necessarily the first line of defense, the ultimate responsibility for
safety must reside with DOE.

The committee thus finds a fragmented line management struc-
ture that serves to diffuse responsibility and, indeed, may result in
organizations that are divorced from direct safety responsibility hav-
ing to make decisions of immediate safety significance. For example,
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funding decisions for the reactors, including funding for safety up-
grades, are made within the programmatic offices at headquarters,
whereas real knowledge of the reactors resides almost entirely in a
contractor responsive to a local operations office. (The head of the
local operations office does have an opportunity to petition the Un-
der Secretary on funding matters—in effect, to bypass the program
offices—but this authority is seldom exercised.) Not surprisingly,
perhaps, the current structure has failed to produce consistently
rational approaches to prioritizing technical issues and allocating
resources at the various facilities.

If true line responsibility for safety is to be realized, there may
be advantages in consolidating line responsibility in a single depart-
mental entity in charge of supervising the contractors at all DOE
reactors. This activity might be assigned to an existing DOE office,
or it might be established in a separate operating division reporting
directly to the Under Secretary. Such a change might enable more
efficient use of knowledgeable staff, help promote consistency across
the department, and encourage and facilitate wider application of
safety lessons among the reactors.

There are difficulties in reorganization: the reactors have diverse
missions, the responsibilities for funding are diffused, and there is an
historical relationship between headquarters and the local operations
offices. Furthermore, the advantages to be gained from centraliza-
tion of reactor operations would have to be balanced against the
disruptive effects of such a change. Resolution of such organizational
issues goes beyond the purview and expertise of the committee; yet,
because these particular institutional questions can have a direct
bearing on safety, the department should consider restructuring its
management of reactor operations.

Whether DOE does or does not establish a central operations
group, two other measures would be helpful in lessening the frag-
mentizing effects of the current structure. First, in order to assist
DOE contractors in arriving at consistent and balanced allocation
decisions, a clear, consistent, risk-based methodology for prioritizing
technical issues needs to be developed. Second, there needs to be a
better means of facilitating communication among the various DOE
organizations and the reactor contractors.

Recommendation: DOE should examine whether the line management

of reactor operations can and should be made the responsibility of a
central reactor operations group.
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DOE should develop and apply a clear and consistent risk-based
methodology for prioritizing and allocating resources to safety issues
at the Class A reactors.

DOE should also establish one or more annual meetings for key
department and contractor personnel to explore potential solutions to
safety issues at the Class A reactors.

BUDGETARY IMPACTS

Conclusion: Tight budgets can be expected for the indefi-
nite future for the Department’s test and research reactors,
creating pressures on the contractors and the Department to
postpone needed safety improvements in order to maintain
ezisting programs.

Representatives from OMB made clear to the committee that,
insofar as the administration is concerned, the programs that sup-
port the test and research reactors will not receive extraordinary
funding to respond to safety problems [National Research Council,
1988]. Rather, the department will be expected to accommodate any
funding to respond to safety (or other) problems from the budget
allocation that otherwise would be made available for program ac-
tivities. Because the activities that are being pursued at the test and
research reactors do not have high political visibility, the Congress is
not likely to intervene to alter significantly the OMB budget strat-
egy. Although the OMB approach may be justified by the need to
restrain the growth in the federal budget, it must be recognized that,
absent special vigilance, such a strategy could have adverse safety
implications.

To the extent that funds to respond to safety concerns must be
taken from program budgets, there will be understandable pressures
on line management (the contractor and the DOE program offices)
to ensure that the achievement of safety objectives does not have
an adverse impact on program objectives. The committee has no
evidence that these pressures have resulted in inappropriate actions
by line management but believes that specific actions are needed to
ensure that safety margins are maintained. Two actions would assist
in this effort.

1. Safety Framework. As noted earlier, in the 1987 report on
the defense production reactors, it was found that the department
had failed to articulate an operationally meaningful safety objective
and to establish a clear set of safety requirements. The committee’s
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observations as to the need for such a framework in connection with
the production reactors apply with full force to the test and research
reactors, although it might be appropriate to recognize the differences
between the production reactors and the test and research reactors
in such a framework. In the absence of such a safety framework,
there might be a tendency for safety to diminish over time in the face
of budgetary pressures. Each year of safe operation may inappropri-
ately be seen to justify an incremental diminution of safety margins.
Expensive safety upgrades might tend to be deferred so that research
or other programmatic activities will not be reduced. Limitations on
the budget thus inevitably provide an incentive to “make do” with
existing systems and to avoid upgrades until absolutely necessary or,
worse, until after an accident has occurred. (Deferral of maintenance
and safety upgrades for cost reasons occurred at the N Reactor in
the late 1970s.) The establishment of an unambiguous safety objec-
tive and of clear safety requirements would provide a benchmark by
which to measure the adequacy of safety systems and operational
performance. The establishment of a strong safety framework can
thus serve to avoid any tendency to reduce existing safety margins
at the DOE reactors.

2. Management. The report on the production reactors em-
phasized the importance of strengthening the management structure
by which the department seeks to ensure safe operation. It noted
the importance of the continued strengthening of the independent
oversight of the reactors by bolstering the organization led by the
Assistant Secretary of Environment, Safety, and Health (ES&H)
and by establishing an external oversight committee. These rec-
ommended organizational changes also apply to the other Class A
reactors. The ES&H organization reports directly to the Under Sec-
retary and does not have any direct responsibility for the missions
of the reactors. Vigilant examination of the safety of the reactors by
this organization—coupled with participation in the department’s
budget process—can thus serve to ensure that programmatic ob-
jectives do not intrude inappropriately on the attainment of safety.
Similarly, the examination of safety issues by an aggressive oversight
group is important to ensure that problems at the test and research
reactors are detected and corrected expeditiously.

Budgetary constraints are of particular concern for the older
test and research reactors such as HFIR, HFBR, and EBR-II. Each
of these reactors is experiencing deterioration because of aging. At
both HFIR and HFBR, irradiation is embrittling the primary coolant
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system pressure boundaries of the reactors. Although an exemplary
study of plant aging at EBR-II did not reveal any problems of imme-
diate concern, over time more and more of the resources available for
the older reactors will have to be consumed in the effort to counteract
aging, simply to maintain the existing safety margins. Eventually,
given the current budgetary outlook and increasing signs of facility
deterioration, retirement and/or replacement of the facilities is likely
to be more cost effective than continuing to struggle to meet the
department’s safety standards. The committee believes that it is not
premature to undertake serious planning for the retirement and, as
appropriate, replacement of the department’s older reactors.

Recommendation: To ensure continued safe operation of the Class A
reactors in the face of budget constraints, DOE should establish an
unambiguous safety objective and clear safety requirements and should
maintain vigorous and effective oversight of safety both by a revitalized
ES&H organization and by an ezternal oversight committee.

To assist in mitigating the competition between safety and pro-
grammatic goals, DOE’s budget requests should sdentify and defend
major safety stems separately from requests for programmatic pur-
poses.

In view of ezisting budgetary constraints and increasing signs of
facility deterioration due to aging, DOE should formalize plans for the

eventual retirement and/or replacement of the older test and research
reactors.
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Technical Issues at the Five Reactors
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Introduction

The sections that follow provide brief descriptions of the five
reactors and their recent operating histories, along with discussions of
specific technical issues. The discussion of these issues in connection
with any one reactor may not apply fully to the others for two
reasons: diversity and inconsistency.

The degree of diversity in the designs of the test and research
reactors is readily apparent from the reactor descriptions. In addi-
tion, the fact that the test and research reactors are operated by
five different contractors with a range of technical and management
capabilities has resulted in further diversity among the facilities.

Although some inconsistency in the application of standards may
be the inevitable result of the diversity among the reactors, there is
a residuum of inconsistency that reflects the department’s approach
to management of the reactors. DOE has not provided a common
safety framework for the interpretation of its orders, resulting in the
disparate implementation of DOE requirements and modern safety
standards.

The chapters that follow also establish that modernization of the
reactors is occurring at different paces and with different objectives;
the tools that are being applied in conducting accident analyses differ
markedly; and the depth of analyses accompanying modifications and
other proposed changes in operations varies significantly.

39
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Advanced Test Reactor (ATR)

The Advanced Test Reactor (ATR) is a light-water reactor with
a thermal power of 250 MW. It is located at the Test Reactor Area
of the Idaho National Engineering Laboratory, approximately 40 mi.
west of Idaho Falls. The ATR went critical in 1967 and was raised to
full power in 1969. Its basic mission is the irradiation of reactor fuels
and materials, almost exclusively for the Naval Reactors Program.
The reactor is also used to produce a small quantity of cobalt 60
and other isotopes for commercial use. The operating contractor of
the reactor is EG&G Idaho, Inc. The ATR has a staff of 272, and a
current annual operating budget of $38.5 million.

The ATR is unusual in that the fuel is not in a compact core.
Seen from above, the core looks like a curvy ribbon, winding in
and around a three-by-three array of irradiation positions (see ATR
core cross-section print and back cover). The fuel configuration thus
resembles the outline of a four-leaf clover. The total length of the
ribbon of fuel around the four lobes in the core is about 11 ft. The
largest dimension, diagonally across two opposite lobes, is 3 ft.

The power level of each of the four lobes can be varied from
17 to 60 MW. There are four large beryllium cylinders arranged
around the outside of each lobe, and each cylinder has a hafnium
absorber covering 120° of its surface. If these cylinders are rotated
so that the hafnium faces the fuel, the local reactivity (and hence
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the local power level) is lowered. In addition, there are six smaller
hafnium control rods on the inside of each lobe. These rods are used
mostly to compensate for fuel burnup. In order to minimize power
distortion, any individual rod is usually either fully inserted into or
fully removed from the core. Finally, for shutdown purposes there
are six fast-acting safety rods that also use hafnium absorbers.

There are 40 identical fuel assemblies, each with two aluminum
sideplates angled at 45° to each other. The sideplates hold the curved
aluminum-clad fuel plates. There are 19 plates in each assembly. The
plates are 4 ft high by 0.05 in. thick, with the length of the plate
arc increasing from 2.4 in. at the inner radius to 4.4 in. at the
outer radius. Typical coolant spacing between the plates is 0.078 in.
The innermost and outermost plates are approximately double the
thickness of the other plates. The fuelis an intermetallic compound of
aluminum and uranium (UAl;). The uranium is 93 percent enriched,
and there are 39 to 46 kg of U-235 in a fresh core. The maximum
flux is 1.0 x 10'® neutrons/cm?/s. Both the total flux and the energy
spectrum are strongly dependent on position in and around the core.

The reactor vessel is solid stainless steel, 12 ft in diameter and
35 ft high, with walls 2 in. thick. Coolant water enters the vessel
through two pipes at the bottom, flows upward in the vessel out-
side the cylindrical tanks that support and contain the core, and
enters the open part of the vessel above the core. The coolant flows
downward through the core at 47,000 gpm. The temperature rises
from 125°F at the vessel inlet to 167°F at the outlet, as the pres-
sure drops from 355 psi to 255 psi. The fuel is designed to retain
its integrity at surface temperatures up to 368°F, above which plate
buckling initiates. Four outlet pipes at the bottom of the core take
the coolant up to vessel outlet ports, and then through five parallel
Lieat exchangers. Two 10,000-gal. demineralized water storage tanks
on the ATR site are used to store primary system makeup water.
Additional raw water storage exceeding 1,000,000 gal. is also avail-
able for emergency addition. The secondary system cycles water at
31,000 gpm from the heat exchangers to a six-bay cooling tower. To
minimize accumulation of solids in the secondary due to evapora-
tion, water is continually purged and replaced. The make-up water,
which constitutes almost 10 percent of the flow, is supplied from the
600,000-gal. inventory in the cooling-tower cold well.

Each of the nine irradiation positions in the core contains an
independent pressurized water loop. These loops are used as test fa-
cilities, and each is the responsibility of an operator who is not in the
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reactor control room. The test facilities, the major reason for ATR’s
existence, are used primarily for testing naval reactor fuels and mate-
rials. Each loop has its own shielded basement cubicle containing its
own pumps, heat exchangers, pressurizer, and demineralizers. Alto-
gether the loop support facilities occupy two basement floors around
the reactor and below the control room.

Other available test facilities include capsule irradiation thim-
bles. There are 36 small thimbles, less than 1 in. in diameter, located
in and around the core; these are used mainly for long-term irradia-
tions of materials samples. Twenty other holes in the core, up to 5
in. in diameter, are located outside the beryllium cylinders. Thirty-
four additional spaces are available in two capsule irradiation tanks
that hang on the outside of the core-reflector tank. There are also
facilities for gamma irradiation in the fuel storage grid of the ATR
storage canal.

The ATR has a confinement system that is designed to withstand
a pressure equivalent to 7.5 in. of water. It encloses the reactor
and its control room, as well as the operations areas for the test
facilities and the associated elevators and stairwells. The only way
to vent confinement pressure is through the stack. Because the
exhaust system has no filtering capability, the stack is designed
to close if high radiation is detected in it. Although the primary
system can be depressurized from outside the confinement to allow
the low-pressure emergency coolant to be added to the system, there
is limited capability to monitor post-accident conditions inside the
confinement after evacuation.

The original ATR design assumed a 20-year lifetime. Monitors
are being used to gather data on the aging of all major reactor
systems. Present practice is to replace the core internals of the
reactor about every 8 years. There is a program underway to produce
a plan aimed at extending the reactor’s lifetime to 45 years.

RECENT OPERATING HISTORY

The ATR was in its 80th cycle of operation in April of 1988.
(One cycle consists of the installation, burnup, and removal of a fuel
loading.) The operating schedule and annual loadings of the reactor
are determined by the classified test program developed by the Office
of Naval Reactors. Operating cycles are typically either of 15-day
or 35-day duration, and between runs the plant is shut down for a
period of 4 to 7 days. In February 1989 the contractor plans to shut
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the reactor down for 40 days to upgrade and replace the existing
instrument panels in the control room.

Since reactor start-up the most significant safety-related op-
erating events at ATR have included unexpected cracking of the
beryllium reflector, which led to a 3-month shutdown in 1972, and
two overpressure incidents (in 1972 and 1977) in which design pres-
sure limits were slightly exceeded. In addition, in 1986 a workman
dropped foreign material into the reactor vessel that could not be re-
covered. However, the event was not deemed to be significant enough
to preclude continued safe operation.

ATR has been continuously upgraded since 1969. Over 50 major
modification projects have been undertaken at a total cost of $80 mil-
lion (current dollars). These projects have included upgrades to the
plant protection system, emergency cooling water injection system,
security system, simulator, control room, process instrumentation,
fire protection system, seismic instrumentation, and experimental
loops. The contractor has plans to undertake an additional 18 ma-
jor modifications at a cost of $22 million during the FY 1989-1992
period.

TECHNICAL ISSUES
Safety Analyses

Concluston: Modernization of safety analyses of the ATR
reactor 18 well under way and generally on the right track.
Efforts are atmed at tmproving understanding of severe acci-
dent behavior, particularly in relation to limited core damage
scenarios, and developing a risk-based management system
to support future operation and management of the facility.
These severe accident analyses are intricate, and so a full
understanding of the relevant physical phenomene will not
come eastly. The potential threat to the confinement from
accidents involving hydrogen generation is not yet adequately
understood.

Several activities are under way using modern techniques to
improve the understanding of the ATR, including reevaluation of
selected reactivity accidents and loss-of-coolant accidents (LOCAs),
examination of severe accident behavior and potential threats to
confinement, and execution of a PRA. These activities, as well as
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normal operational safety and engineering reviews for the ATR, ben-
efit significantly from the strong technical capabilities offered locally
by EG&G Idaho’s staff.

Reactivity and Loss-of-Coolant Accidents

Accident evaluations performed as part of the original design
basis for ATR made the bounding assumption that certain acci-
dents (e.g., large LOCAS) resulted in 100 percent core melt [Phillips
Petroleum Co., 1965a,b; Idaho Nuclear Corp., 1967]. Assuming
a confinement leak rate of 10 percent per day, projected doses at
the site boundary were shown to be less than 10 CFR 100 lim-
its. Accident analyses are currently being performed to evaluate
more realistically the extent of core damage associated with poten-
tial accidents at ATR. For example, early results of the analysis of a
reactivity transient resulting from a hypothetical 2-in. break in one
of the experiment loops show a peak power of 1,000 MW and some
core damage [EG&G Idaho, Inc., 1986a]. In the case of LOCAs,
unpublished analyses by the contractor indicate that operation with
a distribution of 30, 25, 25, and 20 MW in the four lobes of the core
would be expected to produce fuel damage only in the high power
lobe. However, a LOCA at power levels closer to ATR’s 2560-MW
rated power, or with different power distributions, might damage the
entire core. These examples indicate that further analyses are re-
quired to better define the envelope of limited core damage accidents
at ATR.

Because the reactor has a high power density and the potential
for experiencing flow instability [Aerojet Nuclear Co., 1975], its re-
sponse to potential reactivity accidents and LOCAs is sensitive to the
specific ways in which power and coolant flow vary during transients.
In the ATR, power and flow are coupled because of reactivity feed-
backs that derive from expansion of the fuel and the reactivity effects
induced by the ATR experiment loops. Furthermore, because of the
fuel’s serpentine geometry and the asymmetric distribution of power
among the four lobes of the core, spatial effects would be expected to
play a significant role in determining the course of accidents. These
factors mean that modern analytical tools need to be applied with
special care and in full knowledge of the limits of their applicability.
Provided that sufficient care is taken in applying these tools, they
can assist in developing a more definitive understanding of potential
conditions that could lead to core damage in the ATR.
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Severe Accident Behavior

Severe accident analyses at ATR involve the examination of
conduction cooling mechanisms and coolant flow through the narrow
gaps that exist within the ATR fuel assemblies. Unpublished analyses
described by the contractor to the committee in January 1988 do not
appear to adequately consider the potential expansion and distortion
of overheated assemblies during severe accidents. Moreover, the
analyses do not include sufficient consideration of the possibility
that molten debris could relocate in the core; steam flow could move
molten material upward inside the voided assembly channels. (This
phenomenon is termed “flooding.”) These criticisms of the ATR
accident analyses serve to illustrate the difficulty of the effort and
underscore the need for adequate resources, time, and peer review
to achieve reliable analyses of severe accident behavior. They also
highlight the need for explicit discussion in the contractor’s PRA of
how uncertainties have been treated.

Potential Threats to the Confinement

Potential accidents in the ATR that might result in molten fuel
interacting with coolant would also benefit from thorough analy-
sis and review. Data on fuel-coolant interaction are available from
tests conducted in another reactor (SPERT), but they should be
reviewed with care before being applied to ensure that the opera-
tive parameters of the tests truly correspond to ATR characteristics.
The analysis of potential molten fuel-coolant interactions in ATR
should also include an up-to-date examination of vessel loading and
fluid-structural material interaction problems. The contractor is now
attempting to determine whether these latter considerations may be
amenable to bounding analyses.

The examination of fuel-coolant interactions and potential piping
failures is also important in considering the potential for hydrogen
generation, detonation, and combustion. While the ATR confine-
ment is relatively voluminous, current analyses of potential accidents
involving hydrogen generation are “nonmechanistic” [EG&G Idaho,
Inc., 1988k|. Thus, analyses to date have assumed varying amounts
of core melt, a single melt temperature, and a single particle size to
derive a “bounding” hydrogen source term. Only diffusion has been
considered in analyzing hydrogen transport within the confinement.
Condensation of steam has not been included. A severe hydrogen
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burn could conceivably produce confinement leak rates that signif-
icantly exceed the 10 percent per day rate of confinement leakage
that the contractor has shown will restrict releases to values below
10 CFR 100 limits. In view of this, the committee believes that
the examination of potential accidents involving hydrogen genera-
tion should be considered a high priority. The contractor is planning
to examine in greater detail such issues as potential hydrogen release
rates, release locations, the extent of natural circulation and forced
convective flow, and steam condensation. This examination should
be comprehensive in scope in order to ensure that the analyses of the
potential for hydrogen generation at ATR are credible.

Probabilistic Risk Assessment

Following the Chernobyl accident, the DOE Idaho operations
office formed a safety assessment review group to assess the available
safety information on the ATR and to evaluate the need for any addi-
tional analyses. This group recommended that a PRA be considered
for the ATR [DOE, 1987]. EG&G recognized that a PRA could be
used to enhance the operation of ATR in many different ways, and
decided to undertake a complete Level 3 PRA. (EG&G has some
experience in supporting probabilistic risk assessments for commer-
cial reactors.) The contractor expects to use the PRA to develop a
risk-based management system that will facilitate the following:

e definition of the dominant accident sequences for the facility,
including “external” events;

e evaluations of the sensitivity of existing safety-related support
systems;

e evaluations of deficiencies in and potential interactions among
safety-related systems;

e evaluations of potential upgrades and modifications to im-
prove the safety performance of the facility and establish a
system for prioritizing proposed changes;

e evaluations to improve human performance in operations,
maintenance, training, and the development of emergency
procedures;
establishment of a basis for plant life extension; and
evaluations of new experiments or new modes of operation
that could have a significant impact on the safety performance
of the facility.
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As indicated earlier in the report, independent peer review can help
to ensure that accident analyses and PRAs are of the necessary high
quality. To date there has been little external input to the ongoing
severe accident analysis efforts.

Recommendation: Severe accident analyses of potential hydrogen-
related challenges to the ATR confinement should be given a high
priority, and the contractor should ezxplicitly address how analytical
uncertainties have been treated in the ATR Level $ PRA. DOE needs
to provide adequate time and resources for the ATR accident analyses
and PRA in order to ensure that they result in credible, high-quality
assessments of plant risk.

Experimental Loop Operations

Conclusion: A reduction in the amount of water in the reac-
tor’s expersmental loops results in an increase in the criticality
of the reactor. Therefore, loss of water from and/or depres-
surization of one or more of the ezperimental loops can result
in @ reactivity transient, potentially resulting in eztensive
core damage. This situation calls for particularly vigorous
attention to the safe operation of the experimental loops.
Well-written procedures and well-qualified and supervised ez-
perimental loop operators are required to prevent reactivity
accidents.

The close neutronic coupling of the experimental loops with the
ATR reactor means that improper operation of experiments can
have an impact on reactor safety. This accentuates the importance
of ensuring adequate qualification and supervision of the personnel
who operate the loops. During the committee’s visit to the ATR,
however, the experiment operators on a particular shift had very lit-
tle experience. Moreover, subsequently obtained reports of unusual
occurrences at ATR revealed errors in the operation of the experi-
mental loops—at least one of these incidents, had it occurred during
power operation, could have significantly affected the reactivity of
the reactor. These facts highlight the need to ensure that experi-
enced experiment operators are on duty during every shift, as well
as the need for closer management audits, root-cause analyses, and
periodic retraining of experiment operators. The latter is especially
important after unusual occurrences in which loop operators have
been involved. The need for careful supervision of loop operations

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19106

Safety Issues at the DOE Test and Research Reactors: A Report to the U.S. Department of Energy
http://www.nap.edu/catalog.php?record_id=19106

49

may become even more immediate a problem as more experienced
operators leave (through retirement or for other reasons) and greater
reliance must be placed on newly qualified personnel.

Recommendation: The ezisting training program for ezperiment op-
erators should be strengthened on the basis of a careful review of
operating experience on the experimental loops. The training program
should include emphasis on corrective actions in response to unusual
occurrences in order to ensure that procedures for loop operations are
clear and up-to-date. Management should also attempt to ensure that
there are ezperienced operators in the ezperimental loop area on each

shift.
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Experimental Breeder Reactor II (EBR-II)

The Experimental Breeder Reactor II (EBR-II) is a sodium-
cooled fast reactor with thermal power of 62.5 MW. It is operated by
the Argonne National Laboratory (ANL) and is located on the ANL-
West site at the Idaho National Engineering Laboratory (INEL).
EBR-II is the only test and research reactor that also generates
electricity, supplying 14 to 15 MW electrical output for the INEL
grid. Steam from EBR-II is also used to heat the ANL-West facilities.
At start-up in 1964 the mission of the reactor was to prove the
feasibility of a metal-fueled liquid metal-cooled reactor (LMR) in
a breeder cycle. Within a few years the equivalent of five cores of
fuel was cycled from the reactor through an adjoining reprocessing
facility and back to the reactor.

In 1968-1969, the reactor was converted to a fast-reactor irra-
diation test facility. Fuels and materials that are to be irradiated
in EBR-II are placed in core subassemblies essentially identical to
the subassemblies holding the driver fuel elements. An EBR-II sub-
assembly is a long hexagonal tube about 2.3 in. across. The reactor
core region consists of 127 subassemblies standing in a hexagonal
array. Driver fuel is in approximately 57 of them, and control and
safety rods use up another 11. The remaining 59 are free to hold
specimens for irradiation. The subassemblies for irradiation tests are
carefully located in the core; many can hold up to 91 specimens.
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The EBR-II fast neutron flux ranges from 2.3 x 10!
neutrons/cm?/s at the core center to 0.9 x 10!® neutrons/cm?/s
at the core outer periphery. (Fast neutrons are defined as those with
kinetic energy above 0.111 MeV.) Mean neutron energy at the core
center is about 0.4 MeV.

More recently, the EBR-II has been utilized to support the base
technology program for developing small LMRs. Hence, the two
main purposes of EBR-II are (1) demonstration of the inherent safety
and shutdown heat removal capability of the LMR concept, and (2)
irradiation of fuels and materials. As of May 1988, the staffing level
was 253. The annual operating budget has been approximately $25
million in FY 1985, 1986, and 1987.

EBR-II is the only pool reactor of the five research reactors con-
sidered in this report. In an LMR pool reactor, the core, reflector,
blanket, neutron shield, primary pumps, primary piping, interme-
diate heat exchanger, and in-vessel fuel handling equipment are all
submerged under the molten sodium of the primary system. The
primary system is cooled at the intermediate heat exchanger, which
transfers heat to sodium in the secondary system. The secondary sys-
tem eventually transfers heat to water and saturated steam in modu-
lar evaporators and superheaters, producing superheated steam that
drives the turbine-generator and produces electricity for the INEL
grid.

The EBR-II reactor has a number of attractive passive safety
characteristics. Because of the pool and guard vessel surrounding
the reactor vessel, the likelihood of LOCAs at EBR-II is extremely
remote. A decrease in sodium density in EBR-II (such as from
boiling) results in a more stable reactivity response than in larger
sodium-cooled reactors. Analyses by the contractor demonstrate that
if a gas or vapor bubble, with dimensions the width of an assembly or
greater, were introduced into the sodium at the most adverse location
in the core, it would produce a negative reactivity effect, tending to
shut the reactor down. Because of the favorable reactivity behavior
of the design, and the large margin between operating temperatures
and fuel failure that is associated with the use of EBR-II metal fuels
(Mark II U-Fs fuel with type 31 stainless steel cladding and Mark III
U-Zr fuel with Type D-9 stainless steel cladding), the reactor is able
to respond to loss-of-flow and loss-of-heat-removal transients without
fuel damage, even without scramming the reactor. (Indeed, this facet
of the design has been demonstrated in tests.) A natural-convection
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driven, heat-removal system is capable of rejecting decay heat from
the plant without electric power.

The likelihood of an accident progressing to severe damage of
the Mark II or Mark III fuel in EBR-II appears to be quite small
because of the plant’s passive safety characteristics. Collapse of
the entire core during an accident and its subsequent reassembly
in a uniform mass of molten fuel, as is assumed for the purpose of
analyzing a hypothetical core disruptive accident in EBR-II, is an
even more remote possibility. Moreover, energy absorbing structures
have been provided around the vessel to contain the energy release
in an accident of this type. EBR-II also has a containment building
that provides added assurance that a large release of radioactivity
to the environment can be prevented, provided that the building is
sealed (i.e., “isolated”) upon the initiation of an accident (see below).

EBR-II is now used to develop and demonstrate advanced metal-
lic fuels, a key element of ANL’s integral fast reactor program. (In
fact, unlike FFTF, it has never used an oxide fuel as the driver fuel,
although oxide fuels have been irradiated in it in the past.) In the
reactor’s early years, reloads of driver fuel came from reprocessed
EBR-II spent fuel elements. After the processing facility was shut
down in 1969, EBR-II used a fuel fabricated to mimic the product
of the processing facility. The fuel was 95 percent uranium and 5
percent “fissium.” The uranium in this admixture was enriched to
67 percent U-235. The fissium was roughly equal parts molybdenum
and ruthenium, with small concentrations of rhodium, palladium,
zirconium, and niobium. (The advantage of using such alloys is that
they exhibit less swelling than unalloyed uranium.) The fuel pins
contain sodium in the gap between the fuel slug and the cladding to
transfer heat efficiently to the cladding. The cladding gap accommo-
dates swelling of the fuel during irradiation.

More recently, EBR-II has been loaded with so-called binary
metal fuels composed of uranium and zirconium. These fuels are
more economical to fabricate than fissium fuels, and they can operate
at higher temperatures and to greater burnup. Tests are now being
conducted on more advanced, ternary metal fuels that are composed
of uranium, plutonium, and zirconium.

The EBR-II staff recently undertook a review of plant aging to
identify mechanisms that could potentially interfere with the con-
tinued operation of the plant. A number of potential problems
were identified, including the possibility of sodium penetrating and
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swelling graphite-filled canisters located in the reactor head and ther-
mal shield. None of the problems that were identified appeared in-
surmountable. The EBR-II plant life extension study is an excellent
example of how to avoid future problems by systematic examination
and proper planning. Similar studies at the other Class A reactors
might provide similar benefits.

In January 1988, DOE announced that it was rescinding plans
to shut the reactor down in 1993. The present plan calls for EBR-
II to continue operation into the 1990s, completing the current fuel
development program, demonstrating on-site fuel recycling, conduct-
ing further tests of passive safety using metal fuels, and irradiating
materials for the space reactors program.

RECENT OPERATING HISTORY

EBR-II nominally operates on a 10-week cycle. Ten full-power
weeks are followed by a 1-week turnaround time for refueling and
minor plant maintenance. The downtime is also used for discharging
and replacing irradiation samples. In addition, the plant is shut
down for 4 to 6 weeks each year for more comprehensive modification,
maintenance, and inspection.

The operating schedule calls for the plant to be available for
operation approximately 80 percent of the time. The actual achieved
capacity factor has climbed steadily in the last 5 years, from 67
percent in 1983 to 81.3 percent in 1987.

EBR-II registered 43 unusual occurrence reports (UORs) in the
last 5 years (1983-87). There is no single major problem causing the
UORs, although the general area of primary sodium flow control is
a frequent contributor. Four of the UORs were caused by problems
with primary flow indicators in the plenum. Several others involved
reactor trips from momentary or spurious primary flow indications.
Another general cause of UORs seems to be the jamming of moving
parts owing to sodium/sodium oxide buildup. This has been respon-
sible for two cases of shaft binding on a primary pump. (During
the 1988 annual maintenance shutdown, the pump experiencing this
problem was refurbished.)

There have been 15 major modifications to the EBR-II plant since
startup in 1964. These have included modifications to such major
systems as the EBR-II fuel elements, fuel and reflector subassemblies,
control rods, and shutdown coolers for the primary coolant system.
Four additional major modifications are planned. One is a change of
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the fuel composition and fuel-element cladding; another is a change
in subassembly design to accommodate fuel burnup to 20 percent;
the third involves installation of a developmental delayed neutron
detection system for a joint DOE/Japanese program of oxide fuel
performance testing; and the fourth is the implementation of an
automatic plant start-up capability using digital-computer control
equipment.

TECHNICAL ISSUES
Organizational Structure

Conclusion: Quality assurance responsibilities at EBR-II are
mized with the operations function, rather than being sepa-
rated in an independent organization.

The benefits of providing a separate management chain for qual-
ity assurance are generally accepted elsewhere in the DOE system.
Such a structure can facilitate safety by providing oversight of line
operations personnel. EBR-II does not have a management structure
with an independent quality assurance group with a safety mission
separate from experimental and operational goals.

Recommendation: The contractor should ezamsne whether to reor-

ganize to strengthen the safety and quality assurance functions at
EBR-II.

Probablilistic Risk Assessment

Conclusion: There are currently no plans to perform even a
Level 1 PRA for the EBR-II plant.

In Part A, the committee recommended that, at the least, a
Level 1 PRA should be undertaken for each Class A reactor. Al-
though the EBR-II plant has a number of attractive passive safety
features that serve to reduce the risk from loss-of-coolant and cer-
tain transient-initiated accidents, a PRA could nonetheless provide
important insights. For example, the operating contractor needs an
understanding of the features of the plant that have the greatest
safety significance in order to ensure that resources applied to mod-
ifying the plant are properly allocated. In performing a PRA for
EBR-II, the following should be carefully evaluated:
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e The risk of refueling accidents. Because much of the refueling
activity at EBR-II occurs under sodium, the operators can-
not observe what is happening. A number of incidents and
problems have occurred during the refueling process, includ-
ing dropped subassemblies and a hydrogen explosion in the
interbuilding coffin (a structure for transporting irradiated
assemblies out of the containment).

e The reliability of the reactor control systems. There is a
history of control rods sticking at EBR-II. A second control
system, the safety-rod system, is primarily for use during fuel
handling, when the control rods are removed. The reliability
of the control systems that provide reactor protection should
be examined both for normal operation and during refueling
operations.

e The reliability of containment isolation. The reactor operates
in a purge mode in which air is drawn into the containment
by the ventilation system, provides cooling to the instrument
thimbles and to the reactor shield, and after filtering is re-
leased to the discharge stack. In the event of an accident,
valves would have to be closed to achieve isolation.

Recommendation: The committee recommends that a Level 1 PRA be
performed for the EBR-II plant and that refueling accidents and the
reliability of the reactor protection system and containment tsolation
be carefully examined in the contezt of the PRA.

Acoustic Monitoring

Conclusion: The EBR-II reactor has acoustic monitoring
equipment installed to monstor vibrations tn pumps and com-
ponents, but the system is not currently in use.

The analysis of acoustic signals is used at nuclear power plants
to identify incipient safety problems, such as vibrations in pumps,
crack initiation, leakage, loose parts, vibrating core internals, and
flow blockage. Loose-part monitors, for example, are required for
commercial nuclear power plants. Although acoustic monitoring
equipment was installed in EBR-II in conjunction with an earlier
program to develop a vibration-monitoring capability, the staff fa-
miliar with the equipment are no longer employed at EBR-II, and
the equipment is not being used.
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Recommendation: The contractor should survey the use of acoustic
monitoring systems at other reactors to determine the best use of the
system currently installed in EBR-II or whether installation of an
alternative system would have safety benefits.
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Fast Flux Test Facility (FFTF)

The Fast Flux Test Facility (FFTF) is a 400-MWt liquid metal
reactor (LMR). It is located at the Hanford Nuclear Reservation near
Richland, Washington. Since its start-up in 1980, FFTF has been
operated by Westinghouse Hanford Company (WHC). WHC also
operated the Hanford Engineering Development Laboratory until
June 1987, when DOE consolidated its contracts for operation of
the various nuclear facilities at Hanford—including FFTF, the N
Reactor, and the Purex Chemical Processing Plant—under WHC.

The primary mission of the FFTF has been the irradiation of
materials and reactor fuels. A number of natural circulation cooling
tests have also been performed, and the contractor plans to use the
reactor to further investigate the passive safety features of LMRs. In
FY 1988 the operating budget of the reactor was $41 million and the
staff numbered about 375.

To date, FFTF has relied almost exclusively on oxide fuels,
although a metal fuel assembly was inserted in the reactor beginning
iq],1986 as an initial experiment to evaluate the FFTF metal fuel
concept. Conversion to a full metal core is scheduled to be completed
by 1992. The oxide fuels currently in use are mixtures of PuO;.and
UO,;, with both natural and depleted uranium. The percentage
of PuO; ranges from 22.5 percent to 29.3 percent in FFTF fuel
assemblies. The plutonium is 88 percent Pu-239, with less than 1
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percent Pu-241 and the remainder Pu-240. The total weight of fissile
material in a 74-element FFTF core is about 560 kg, approximately
21 percent of the total oxide fuel weight.

The total neutron flux at FFTF ranges from 7 x 10!®
neutrons/cm? /s at the center of the core to 4 x 10'® neutrons/cm?/s
at the periphery. The mean kinetic energy of the neutrons is 0.2
MeV,; 65 percent of the flux has kinetic energy above 0.1 MeV. The
planned conversion to metal fuel will decrease the flux somewhat and
increase the mean kinetic energy of the neutrons.

The reactor core consists of 91 twelve-foot long hexagonal tubes,
or assemblies, standing vertically in a hexagonal array. Each as-
sembly consists of a hexagonal flow duct surrounding an internal
structure. Most of these assemblies contain fuel pins; in a typical
core loading, 74 of the 91 are used to hold driver fuel pins. Of the
remaining 17 assemblies, 3 are safety rods, 6 are control rods, and
8 are reserved for a variety of irradiation tests. The hexagonal as-
semblies are each 4.6 in. across and 12 ft long, giving the total array
a diameter of 4 ft. The reactor fuel is contained in a 3-ft section of
the pin, providing the FFTF with a core that is 3 ft in height by
4 ft in diameter. The 8 assembly positions available for irradiation
testing can be instrumented with electrical and pneumatic leads that
penetrate the reactor head.

The FFTF cooling system has three primary loops that circulate
liquid sodium through the reactor vessel. (Only one loop is needed for
adequate core cooling; three loops provide redundancy and greater
assurance of the cooling function.) Each loop has its own pump, heat
exchanger, and secondary loop; only the reactor vessel is common to
all three. There are 128,000 gal. of sodium in the primary system,
flowing at 43,500 gpm. The temperature in the reactor vessel rises
from 680°F at the core inlet to 938°F at the outlet. Each primary loop
exchanges heat generated in the core with an independent secondary
loop. Each of the secondary loops has its own pumps, and each
has 4 air-blast (or “dump”) heat exchangers. The FFTF design was
reviewed by the NRC staff prior to reactor start-up.

A series of tests conducted in July 1986 demonstrated a degree of
passive safety with a modified FFTF core. The test series culminated
in a test in which, with the reactor operating at 50 percent power,
all the coolant pumps were shut down in order to evaluate the core’s
response to a simulated loss of electric power to the pumps. These
tests were conducted without scramming the reactor and without
operator intervention. For the purposes of the tests, 9 of the Inconel
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reflectors immediately outside the core were replaced with so-called
gas expansion modules (GEMs). A GEM is essentially an inverted
test tube with argon gas compressed at the top. With the pumps
operating and providing full low, a standing column of sodium is
maintained in the bottom of the tube. The column of sodium keeps
the argon compressed at the top of the tube and serves as a neutron
reflector. When the pumps stop, such as during the loss-of-flow tests,
the pressure drops, the argon expands, and the sodium is driven down
and out of the tube. This effectively removes the reflector, allowing
more neutrons to escape the core, adding negative reactivity and
thereby tending to shut the reactor down. The need for such a large
negative reactivity insertion to ensure safe shutdown upon loss of flow
conditions results mainly from the need when using oxide fuels for a
very rapid decrease in power (and coolant temperature) to prevent
sodium boiling.

In conducting these tests, the contractor was limited by the fact
that the temperature sensors in FFTF are located 5 ft above the
fuel. Under natural circulation conditions (but not under forced flow
conditions), the coolant takes a few seconds to flow from the fuel
to the sensors, causing a time delay in the readout of core temper-
ature. A safety limit of 1,074°F was set as the maximum allowable
temperature at the sensors. In a test at 50 percent power and 100
percent flow, the maximum temperature measured was 950°F at 100
8, and was falling past 750°F at 400 s. Computer models indicate
that without GEMs a similar core temperature would be reached in a
loss-of-flow test starting from 5 to 10 percent of full power, and that
the sodium in the primary system would approach boiling if the test
were started from 35 percent of full power. The GEMs were inserted
in the reactor only for the few weeks during which the loss-of-flow
tests were conducted; that particular core configuration was never
taken to full power.

There is no separate backup heat removal system at FFTF.
Tests in 1980 established that the FFTF design affords sufficient
natural convection heat removal capability to assure core cooling for
all accidents analyzed in the safety analysis for the facility.

FFTF has plans to shift from oxide fuels to a “binary” metal fuel.
The new binary metal fuel will consist of 90 percent uranium (with
enrichments in the range of 26.5 to 33.8 weight percent) together with
10 percent zirconium. The cladding material will also be changed,
from 316 stainless steel to HT-9 ferritic-martensitic alloy, a material
that promises to solve the problem of radiation-induced swelling
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that has been experienced in assembly ducts and fuel cladding used
in EBR-II. The core restraint built into FFTF for use with oxide
fuels will inhibit radial expansion of the metal fuel, thus reducing the
negative reactivity provided by expansion of the fuel assemblies, so
the regular use of GEMs is under consideration.

The addition of a privately financed power generating capability
at FFTF (referred to as a “power addition”) is under study. The
proposed power addition includes use of steam generators formerly
designated for the now defunct Clinch River Breeder Reactor project.
Useoftwoofthe secondary loops at FFTF for power generation could
yield about 110 MWe.

RECENT OPERATING HISTORY

FFTF began full-power operation in April 1982. As of this
writing, it is in its 10th cycle of operations. Early operating cycles
were devoted to characterization of the behavior of the mixed-oxide
driver fuel and to test irradiations of LMR materials, components,
and assemblies.

As discussed above, the reactor was subjected to a series of
transient tests during cycle 8 (February to July 1986) to investigate
passive safety features of the reactor’s design. Beginning with cycle
9, an extensive large pin mixed oxide fuel test program was begun.
In late 1986, metal fuel testing was also initiated in preparation for
conversion to metal fuel.

Since 1983 the reactor has had an improving capacity factor,
averaging fewer than three unplanned scrams per year. There has
been only one unplanned scram or forced outage since June 1986;
the reactor operated for 18 consecutive months from July 1986 to
January 1988 with none at all.

The number of plant modifications that were at some stage of
completion at FFTF averaged about 325 throughout 1987, but was
down slightly during the first quarter of 1988. From the beginning of
full-power operations, there had been a history of increasing cesium
activity in the primary sodium coolant owing to cladding and fuel pin
failures associated with experimental irradiations conducted at the
facility. However, recent installation of a cesium trap appears to have
brought the problem under control. At times, the backlog of correc-
tive maintenance items has been extraordinarily large (1,149 items
in February 1987), but this backlog was steadily reduced during 1987
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until the number of outstanding requests for corrective maintenance
stood at 496 at the end of March 1988.

Examination of unusual occurrence reports suggests that the
greatest problems are associated with operation of the in-vessel han-
dling machine, the bottom loading transfer cask, the zero time outage
equipment (equipment for automatically transferring essential safety
systems to DC batteries during loss of offsite power), and various
remote handling and cooling equipment within the interim exami-
nation and maintenance cell. The latter happens to be the tallest
hot cell in the nation. The most significant safety-related operating
events include the following:

e In May 1982 an error was made in a computer program asso-
ciated with operation of the in-vessel handling machine. The
program misidentified a position in the core that was sched-
uled for refueling. This resulted in the inadvertent withdrawal
during refueling of a control rod rather than an experimen-
tal test assembly. No criticality occurred, and the event was
within the design basis of the plant.

e In June 1982, with the reactor shutdown, a primary system
pump running on a pony motor seized up because of the
buildup of sodium or sodium compound deposits on the pump
shaft.

e In November 1984 cavitation-induced erosion of a duct on
an electromagnetic pump, caused by operating the pump at
excessive flow rates, led to a sodium leak.

e In October 1985 a bottle of helium used to cool specimens
within a materials open test assembly was inadvertently re-
placed with a bottle of argon, causing overheating and dam-
age to some of the specimens.

Although FFTF has a reactor simulator on site, the existing one
is recognized as having limited capability. Westinghouse Hanford
plans to request additional capital equipment funds during FY 1988-
1990 to upgrade the FFTF simulator. Other planned modifications
include the power addition; upgrades to the fire detection system,;
in-containment equipment for dealing with by-product tritium that
would accompany future insertion of a fusion materials open test
assembly into the core; back-up power for the zero time outage (ZTO)
busses to permit repairs to the ZTO while the reactor is operating;
and additional upgrades to various fuel handling equipment.
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TECHNICAL ISSUES
Conversion from Oxide to Metal Fuel

Concluston: The projected conversion of FFTF from mized
ozide fuel to metal fuel presents a number of safety issues
that are only partially resolved. Resolution of these issues
will require tntense analytical and ezperimental effort, and
the ezisting schedule for completing them is very demanding.

Because DOE intends to withdraw funding for additional fab-
rication of oxide fuel, uninterrupted full-power operation of FFTF
beyond 1991 will require conversion from oxide fuel to a new metal
fuel. The DOE objective in converting to metal fuel is to provide
continued support for the nation’s LMR development program.

Planning for the conversion of FFTF to metal fuel entails con-
siderable analytical and experimental research, and an intensive pro-
gram is under way. The analytical program includes design and safety
evaluation of the core, fuel assemblies, and pins, while the experi-
mental work (in progress and planned) includes pin tests, prototype
assembly tests, and qualification tests in the reactor. The final design
will depend heavily on the results of a core demonstration experiment
that will be discharged from the reactor in early 1991. At that time
there will be about 25 metal fuel assemblies in the FFTF core—a
limit that derives from current test procedures and that cannot be
exceeded without formal approval of an addendum to the final safety
analysis report (FSAR) for the facility [WHC, 1977 as amended).

The metal fuel under consideration will not be greatly different
from fuel currently being used in EBR-II, for which there is a growing
body of test data and operational experience. Moreover, the FFTF
metal core is expected to have steady-state mechanical and thermal-
hydraulic properties that are similar to the present FFTF oxide core.
But there are a number of significant differences between the FFTF
metal and oxide cores. Lifetime fuel pin performance will not be
the same, several reactivity effects will be significantly different, and
reactor transient behavior will be modified.

The different reactivity effects will be caused mainly by the
harder neutron spectrum (higher average neutron energy) with metal
fuel. The harder spectrum will result in a smaller change in reactiv-
ity with fuel burnup, higher neutron leakage from the core, reduced
control rod effectiveness, reduced negative Doppler feedback, and
increased positive sodium void feedback. Moreover, the change from
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fissile plutonium to fissile uranium yields more delayed neutrons,
which means that the kinetic sensitivity of the core to reactivity
changes will be lower. (The reactor’s response rate directly depends
upon the ratio of the control change to the fraction of neutrons
that are delayed. As this ratio is reduced, the reactor is slower to
respond to control changes.) All these effects will have impacts on
both transient and steady-state reactor operation.

The FFTF staff has identified five areas of “technical challenge”
that require special attention in planning the fuel conversion [WHC,
1988a). Some of these are more directly relevant to safety than others.

First, postulated accidents involving loss of flow without scram
(LOFWOS) could yield some sodium boiling and fuel damage with
the new fuel. The contractor’s analysis suggests that adverse impacts
can be mitigated by the use of GEMs, which are designed to introduce
negative reactivity automatically during flow coastdown [see, e.g.,
WHC, 1988a, 1988g-i, 1988l]. However, the contractor believes it
may be necessary to restrict the normal operating power level of
the reactor in order to obtain an adequate margin of safety between
the predicted maximum temperature of the sodium coolant and the
sodium boiling temperature. An alternative under consideration is
to modify the structural design of the core to permit greater thermal
expansion during transients.

Second, another category of accidents could also produce some
sodium boiling and fuel damage. These are known as transient over-
power without scram (TOPWOS) accidents, and involve an addition
of reactivity while the reactor is operating at nominal full power. The
reactivity addition, which might be the result of the withdrawal of
a control rod or the consequence of a seismic event, causes power to
increase above 100 percent. The scram function on increasing power
is then assumed to fail. Hence, power continues to increase, resulting
in a mismatch between reactor power and coolant flow, leading to
sodium boiling and fuel damage.

The GEM system would not be helpful in this case because
coolant flow would continue during such an accident. Restriction
of the operating power level of FFTF, as well as structural design
changes, may be necessary to mitigate the potential effects of tran-
sient over-power events.

It is not yet clear which of these two classes of accidents (LOF-
WOS or TOPWOS) represents the worst case for determining design
limits, though the GEM system is thought to render loss-of-flow acci-
dents relatively harmless. Analysis is continuing, and transient tests
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of fuel pins in the Transient Reactor Test (TREAT) facility in Idaho
will be very important in verifying fuel performance during potential
FFTF transients.

Third, axial growth of metal fuel pins may limit the degree
of burnup (maximum exposure in the reactor) that metal fuels can
achieve in FFTF. Recent data from EBR-II suggest that at 10 percent
burnup elongation of the fuel column may be somewhat larger in
FFTF than was originally projected [WHC, 1988g].

Fourth, there may be an incompatibility between the new fuel
and new cladding materials, which could provide a potential source
of fuel failure during transients. The eutectic temperature (i.e., the
temperature at which the fuel begins to attack the cladding material
in which it is encased) for HT9 clad metal fuel was only recently
found to be 725°C. The contractor believes that there is sufficient ev-
idence to demonstrate that cladding penetration at this temperature
would be very slow. Furthermore, while the rate of penetration in-
creases exponentially above the eutectic temperature, the contractor
believes that there are a range of reactivity management measures
(e.g., use of GEMs, limits on operating cycle length, or use of fixed
burnable shims) that can be instituted to preclude reaching fuel
temperatures during an accident that would result in cladding pene-
tration. However, Argonne has unconfirmed data that indicate that
the eutectic temperature may actually be 700°F [ANL, 1988]. Fur-
ther experiments and analysis are necessary to establish the eutectic
temperature and thus to determine whether there is a need to impose
new limits on reactor operation in order to account for this effect.

Finally, there is some evidence of strain in metal fuel pins re-
moved from EBR-II that appears to be the result of trapped fission
gas [WHC, 1988g|. This raises the possibility of fuel deformation or
cladding failure after prolonged exposure. If confirmed, this effect
would limit the expected lifetime of the new metal fuel.

Recommendation: Adequate resources and realistic schedules for an-
alytical and ezperimental work must be established to resolve safety
t1ssues in support of the conversion of FFTF to metal fuel.

Approval of an addendum to the FSAR, covering operation of
FFTF with metal fuel, should be contingent on in-depth reviews by
the contractor’s Safety Review Committee and the recently formed
DOE Advisory Committee on Nuclear Facility Safety.
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Gas Expansion Modules (GEMs)

Conclusion: GEMs were demonstrated to be effective safety
devices in loss-of-flow tests conducted at reduced power (50
percent or less) in the FFTF ozide core. They may provide a
large margin against sodium bosling for loss-of-flow accidents
in a metal core, but there are some aspects of GEM behavior
that need to be carefully analyzed. GEMs will not be helpful in
potential transient over-power accidents in which full sodium
flow continues.

The FFTF contractor has demonstrated that some measure of
protection can be obtained against accidents involving LOFWOS by
using the GEMs described above. Tests in 1986 showed that after
shutting off the pumps with the reactor at 50 percent power, 90
percent of the negative reactivity effect of nine GEMs in the oxide
core was effective within 20 s [see, e.g., WHC, 1987g]. (The test
could not be conducted at higher power levels with the oxide fuel,
because under certain hypothetical conditions boiling could occur.)
With metal fuel, the contractor expects the GEMs to provide a
significant reduction in reactivity during the most crucial phase of
an unprotected loss-of-flow event, and thereby to ensure that peak
sodium temperatures are maintained well below boiling.

The safety of full-power operation with GEMs in the core needs
careful analysis and review before GEMs are inserted for routine
operation with metal fuels. If sodium flow were suddenly restored
during a loss-of-flow event, the GEMs could conceivably cause a
reactivity increase and a possible power overshoot. This possibility
deserves careful analysis by the contractor.

Recommendation: The contractor should perform smproved computer
simulations of GEM behavior in loss-of-flow and other potential tran-
sient events, and should ezamine the possibility of unezpected reactiv-
ity additions associated with use of GEMs before reinserting GEMs
in the reactor.

Severe Accident Analyses

Conclusion: Severe accidents in FFTF have not been assessed
using state-of-the-art methods developed since the reactor
began operation. Uncertainties in post-accident heat removal,
in the evolution of fission products from molten core debris
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(radioactive source term), in energetic core disassembly, and
tn contatnment integrity need to be reezamined using up-
to-date methods so that better estimates of the radiological
consequences of severe accidents can be made.

The committee has reviewed aspects of the original safety review
for FFTF in order to understand the role that severe accident analysis
will play in the development of an addendum to the FSAR for metal
fuel. The original safety analyses for FFTF were all based on oxide
fuel.

The FFTF contractor takes the view that a core disassembly
accident is essentially impossible, because no reasonable scenario
leading to such an accident has been found. Nevertheless, to be
“conservative,” a severe accident was analyzed in the FSAR by as-
suming such an accident and by assuming worst cases (e.g., all of
the heat was assumed to be transferred to the FFTF concrete) for
the events that would follow. The result was a hypothetical accident
producing a maximum kinetic energy estimated at 150 MJ. It was
judged that the reactor vessel and external coolant system could
withstand an accident of this magnitude.

The NRC staff concurred in the contractor’s assessment, but
raised questions about the coolability of molten core debris [NRC,
1978, 1979; DOE, 1987; WHC, 1981]. In particular, the staff ar-
gued that hydrogen explosions or long-term pressurization during a
worst-case accident might result in containment rupture. Three ma-
jor recommendations were made. These concerned (1) availability
of decay heat removal by natural circulation, (2) improvement of
containment margins, and (3) assurance of piping integrity.

The first recommendation was satisfied by the contractor by
demonstrating the establishment of natural circulation cooling in
FFTF. The second recommendation resulted in the installation of a
major system for filtered venting of the containment in the event of
a severe accident. And the third recommendation, which concerned
piping integrity, led to programs and systems for ultrasonic testing,
sodium leak detection, and materials surveillance. Certain aspects
of ultrasonic testing were ultimately dropped as impractical, but the
remaining recommendations were carried out.

Meanwhile, more advanced methods for severe accident analysis
were under development elsewhere. In particular, advanced methods
of severe accident analysis for LMRs were developed in conjunction
with safety analyses for the Clinch River Breeder Reactor project.
Such phenomena as aerosol generation and radionuclide release rates,
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which are important for filter venting strategies at FFTF, were ex-
tensively examined for the Clinch River reactor. Moreover, since
the completion of the FFTF safety analysis, the light-water reactor
safety community has developed more sophisticated methods for un-
derstanding the penetration of steel by core debris and the intricacies
of hydrogen combustion. Even though these methods have yet to be
applied to FFTF, the FFTF contractor has told the committee that
it has no plans to conduct a probabilistic risk assessment of FFTF.

It may be possible to establish that a core disruptive accident is
a low probability event at FFTF because of the core design and be-
cause a loss-of-heat-sink accident at FFTF is sufficiently improbable.
Such analyses have been performed, for example, for advanced LMRs
that are currently being designed under DOE contract. Nonetheless,
a Level 2 PRA would enable the contractor to compute the prob-
abilities of events leading to loss of coolable geometry in the core
and potential failures to containment that might result from core
disruptive accidents.

Recommendation: The FFTF contractor should use state-of-the-art
analytical methods to examine the possible evolution of loss-of-flow or
transient over-power events into energetic core disruptive accidents,
for cores containing partial or full loadings of metal fuel. The con-
tractor should undertake a Level £ PRA to assess the risks associated
with these events. Severe accidents should be investigated using the
latest snformation about debris coolabslity, steel and concrete penetra-
tion rates, radioactive source terms, and the potential for contasnment
pressurization.

FFTF Power Addition

Conclusion: The power addition under consideration at
FFTF poses a number of safety issues that are not considered
in the current FSAR and its updates. Although a “safety
assessment” of the power addition has been published, it has
received limited technical review and does not fully resolve a
number of questions.

In support of the conceptual design and technical feasibility
studies for a power addition at FFTF, the contractor has prepared a
“safety assessment” document [WHC, 1987s]. The document aims to
address the impact of the proposed power addition on existing safety
analyses and the variety of new potential accidents that would be
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created by the power addition. The latter include an increased poten-
tial for sodium-water reactions, steam line breaks, loss-of-feedwater
accidents, overcooling and undercooling events, and the effect of
some “external” events, such as tornados and earthquakes, on the
reconfigured plant.

The committee believes there are a number of aspects to the
proposal that require careful analysis and review. These include the
proposed mode of operation with dual control rooms, control room
habitability in the event of a sodium fire, potential nonuniformity
of flow in the loops, secondary-side transients, and greater potential
for sodium-water reactions. If the project moves forward, a detailed
design review and an addendum to the FSAR should be required.
Since conversion to metal fuel is demanding extensive use of the
contractor’s resources, it is conceivable that undertaking another
sizable project at the same time could detract from both efforts.
Indeed, the power addition represents a fundamental new departure
for FFTF and raises questions as to whether the new direction offers
sufficient benefits to justify the cost in increased complexity and
diffusion of mission.

Recommendation: The preliminary design of the proposed power adds-
tion should recesve thorough review by the newly formed DOE Advisory
Committee on Nuclear Facility Safety before a detasled design phase
18 tnitiated. If a final design is undertaken, it should also recesve
internal and ezternal safety review. DOE should carefully consider
the wisdom and timing of undertaking a power addition at FFTF.
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High Flux Beam Reactor (HFBR)

The High Flux Beam Reactor (HFBR) is operated by the
Brookhaven National Laboratory (BNL), which is located on Long
Island, some 50 miles east of New York City. The reactor uses heavy
water (D;0) as coolant, moderator, and reflector. At start-up in
1965, the nominal operating power was 40 MW; an upgrade in 1982
raised the power level to 60 MW. The primary mission of the HFBR is
basic scientific research, particularly neutron scattering experiments
using the reactor’s external thermal neutron beams. Other purposes
include isotope production, neutron activation analysis, and materi-
als irradiations.

The HFBR is staffed with 65 people. It had an FY 1987 operating
budget of $10.5 million, some 18 percent of which was dedicated to the
operation of security programs. Construction costs of these security
programs, which were installed to meet DOE requirements, were $1.9
million in FY 1986 and $1.5 million in FY 1987. An additional $1.4
million is budgeted for FY 1988.

The reactor fuel consists of U-235 contained in a cermet (ceramic
plus metal) made of UsOs and aluminum. The cermet is 37 percent
U3sOs by weight, and the uranium is 93 percent enriched. A fresh
core contains a total of 9.8 kg of U-235. The fuel is fabricated into
plates, rather than pins, and a typical fuel plate measures 23 in. by
2.4 in. by 0.05 in. After final cold-rolling, the plates are curved to
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a 6-in. radius by being pressed against a curved die. The plates are
clad with aluminum and mounted in a fuel element assembly, also
made of aluminum. There are 18 fueled plates per element, typically
spaced 0.102 in. apart. Each fuel element is approximately 3 in.
square by 5 ft long. Twenty-eight such elements form the HFBR
core. The active core volume is 23 in. high by 19 in. in diameter.

The reactor incorporates several unusual design features in order
to provide external beams of thermal neutrons. One design goal
was to have the thermal neutron flux maximized outside the core,
where beam tubes could intercept the flux and channel it out to
the experimental facilities. To this end, the core sits in a bath of
heavy water contained within the reactor vessel. The heavy water
that surrounds the core acts as both moderator and reflector; it
thermalizes the fast flux, and reflects some of it back into the core.
The power level is controlled by absorber blades that mask the core
from the bath; inserting the blades reduces neutron reflection from
the heavy-water moderator, causing the reactor to go subcritical,
which in turn causes power and the average core temperature to
fall. To stabilize power at a lower level and temperature, the blades
must be returned to the blade position that produces criticality at
the new lower temperature. In normal operation the flux of thermal
neutrons is larger in the reflector region than in the core, while the
fast flux peaks in the core. The peak thermal flux is 1.05 x 1015
neutrons/cm?/s.

The heavy water used as moderator and reflector is also used as
coolant. The primary cooling system contains 10,000 gal. of heavy
water, flowing at 18,000 gpm. About every 18 months, one-third
of the total heavy-water inventory is removed and exchanged for
heavy water having a lower tritium concentration and higher purity.
The purpose is to keep personnel exposures to tritium as low as
reasonably achievable. Detritiated heavy water is currently obtained
from Savannah River at subsidized rates. After FY 1989, however,
these supplies will no longer be available. BNL is investigating the
use of Canadian sources to detritiate HFBR heavy water. The cost
for such services is estimated to be between $500,000 and $1 million
per year.

Coolant velocity through the fuel elements is almost 40 ft/s. The
temperature of the coolant rises from 130°F at the inlet to 151°F at
the outlet. There are two primary loops, each with its own pump
and heat exchanger. Heat is dumped to light-water cooling towers.
The pressure in the primary system is much greater than pressure in
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the secondary system (250 peig at the lowest elevation of the primary
system versus 45 peig in the secondary), thus preventing light water
from entering the primary system through any leak in the interface
between the systems.

The required system pressure is determined by the need to pre-
vent boiling at the hottest spot in a freshly fueled core. The boiling
point of D,O at atmospheric pressure is 214°F. With a hot spot
surface temperature of 357°F, a pressure of 164 psig is required to
suppress boiling. Helium gas at 200 psig is used as a cover gas in the
reactor vessel to maintain the necessary pressure.

There are nine horizontal beam tube thimbles welded into the
reactor vessel. The beam paths penetrate the thermal/biological
shield. Eight of the beam tubes have 3.5-in. diameters and extend to
within a few inches of the core. One of them points directly at the
core to provide a fast neutron beam. A typical flux supplied to an
experimental area is 4 x 10° neutrons/cm?/s. The ninth horizontal
tube serves as a “cold neutron” facility; the tube of the cold neutron
facility is 1 ft in diameter and stops at 1 ft from the core. The cold
neutron facility uses 1.4 1 of liquid hydrogen as moderator, producing
a beam of very low-energy neutrons.

Also projecting into the reactor are seven vertical tubes (thim-
bles) used for sample irradiations. The tubes provide three positions
for irradiating samples in the heavy water moderator, two very near
the core, and two in the core center. A typical cylindrical sample
volume i8 3 in. long by less than 1 in. in diameter.

The HFBR accident analyses focus on loss-of-coolant and loss-
of-flow events. Mitigation of a potential loss-of-coolant accident
(LOCA) depends heavily on an elevated tank of light water that
is poisoned with cadmium nitrate (a neutron absorber). (The con-
tractor’s analyses of potential LOCAs and the phenomenon of flow
reversal are discussed in greater detail below.) In loss-of-flow scenar-
ios at HFBR, whether the reactor coolant system is depressurized or
not, the coolant, which is normally pumped downward through the
core, stagnates, and then reverses direction, as a result of natural con-
vection. This flow reversal cannot be allowed to occur immediately
after shutdown from normal 60-MW operation, because immediately
after shutdown the rate of decay heating is too high for flow reversal
to occur with sufficient speed to prevent fuel melting. Thus, one of
the two major system upgrades associated with an increase in power
level from 40 MW to 60 MW was the addition of battery-powered
pony motors to the coolant pumps. These motors serve to assure at
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least 3 minutes of downflow cooling in the event of a power blackout
and delay flow reversal until the decay heat has fallen sufficiently to
allow flow reversal to occur without fuel damage. (The other upgrade
was in the primary heat exchangers.)

The HFBR and its control room are enclosed in a confinement
dome designed to withstand an internal pressure of 2 psi. In normal
operation, a slight negative pressure is maintained within the dome
to ensure that any air leakage is inward. Exhaust gases are filtered
and discharged to the atmosphere from a high stack.

The future of the HFBR depends primarily on aging and on
the continued need for the facility. The reactor is 23 years old and
the original design was for a 25-year lifetime. Extensive studies
of aging have been conducted. The DOE asserts that HFBR will
continue to operate until a planned advanced neutron source, which
could replace both HFBR and HFIR, is operational in the late 1990s
[National Research Council, 1988).

RECENT OPERATING HISTORY

Each operating cycle at HFBR lasts approximately 1 month. The
reactor operates for 24 days, after which 14 of the 28 fuel elements
are replaced. The turnaround time for refueling, maintenance, and
surveillance testing is typically 4 to 7 days. In most years there are
11 cycles scheduled, leaving 1 month free for more thorough inspec-
tions or modifications. One recent cycle was dedicated to replacing
some secondary water piping, and only 10 cycles are scheduled for
FY 1988.

A review of the 47 UORs from the past 5 years does not show any
serious recurring problems. The two most common problems were
associated with cooling of the Cold Neutron Facility and spurious
events caused by unrelated instrumentation anomalies that resulted
in accidental scrams. The next most common problems were difficul-
ties with the personnel access doors, resulting in temporary breaks in
the building confinement, and leaks in the secondary cooling piping.
(This piping has now been replaced.) The remaining reports cover
a variety of incidents, ranging from incoming power interruptions
to administrative shutdowns. Two significant unusual occurrences
during the past five years are described below:

1. InMarch 1986 the stator of the A primary pump motor failed
because of unanticipated aging and caused a reactor shutdown. The
following cycle was run at 40 MW, single loop operation. At the next
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shutdown in April, the motor was replaced and operation resumed
at 60 MW. The B primary-pump motor was replaced in 1987 as a
precaution.

2. In December 1984 the main control rod M1 failed to fully
insert following a scram. The rod stopped 4 inches short of the usual
30 inch insert position. The incident occurred during shutdown,
with the reactor unfueled and depressurized. The cause was never
determined. It is speculated that foreign material in the internal
drive mechanism may have later cleared itself.

HFBR has had about four major plant modifications per year
since start-up in 1965. Currently, there are 13 such modifications in
the planning stage, including a system to provide remote monitoring
of HFBR plant variables, remote control of shutdown cooling, and
provision of a remote, alternative supply of light water for the poison
water tank.

TECHNICAL ISSUES
60-MW Operation

Conclusion: The change in the operation of the HFBR from a
power level of {0 MW to a power level of 60 MW has involved
a significant change in safety philosophy.

At 40-MW operation, the HFBR safety analysis report indicates
that no fuel melting would be expected to occur over a broad range
of accidents [BNL, 1964a)]. It states, for example, that “the system
has been designed so that even a gross rupture of the primary vessel
or primary coolant lines will not uncover the core and cause fuel
melt.” This statement is based on the design of the HFBR that
involves a catch tank around the primary vessel that can prevent
the core from being uncovered in the event of leakage, such as from
the rupture of a beam tube. The reactor also has a flow reversal
capability that allows core cooling to switch from forced downflow
cooling to natural circulation in which the flow is upward through the
core. Out-of-pile tests were conducted to establish the conditions for
flow reversal. Based on the test results, fly wheels were incorporated
on the primary pumps to ensure that, in the event of loss of power to
the pumps, cooling would continue until flow reversal could be safely
established after shutdown from 40 MW.

A reanalysis was made before operation at 60 MW and an ad-
dendum (dated April 1982) to the Final Safety Analysis Report
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was prepared and approved [BNL, 1982]. This addendum and the
supporting documentation indicate that about 3 min. of downflow
cooling must be maintained following shutdown from 60 MW. Pony
motors were incorporated to provide greater assurance that 3 min.
or more of downflow cooling would be provided. However, in the
event of any system rupture greater than the equivalent of about a
1-in. diameter pipe, the loss of coolant is estimated to lead to pump
trips and the loss of the necessary 3 min. of downflow cooling. Thus,
unlike operation at 40 MW, such a break at 60 MW could lead to
fuel melting. In addition, the failure of the driving mechanism for
the “auxiliary” control rod that is used for control of the lower core
region is expected to cause “some fuel melt” at 60 MW, whereas “no
expected fuel melt” was predicted for 40-MW operation.

The approval of the change to 60-MW operation was based on a
review of the potential consequences to public health by BNL staff.
Dose estimates at the laboratory site boundary from fuel melting
were less than the limits for commercial reactors found in 10 CFR
100.! While estimates of doses to individuals beyond the site bound-
ary were low, the increased probability of fuel melting at 60 MW
increases the potential for effects to individuals at the site. The
procedures for abnormal conditions (such as, the response to loss-of-
coolant accidents) can necessitate operator actions (e.g., manually
opening valves) within the confinement building. Although reviews
by BNL indicate that these actions can be accomplished during an
accident [BNL, 1986a-b, 1987b, 1987f], the dose rates to operators
were not estimated because of the presumed low probability of an
event that might lead to high radiation exposures. The Brookhaven
PRA, scheduled to begin in July 1988, should attempt to determine
whether this presumption is valid. There are plans in progress to
modify the reactor to allow for remote operation of the most impor-
tant systems, but operator exposures for these planned operations
are not clear either.

1These dose estimates were made for a spectrum of accidents involving
fuel damage, including a hypothetical design-basis accident in which the entire
core was melted [BNL, 1979¢c]. In all cases, the estimated impacts on the
public beyond the site boundary were slight. Exposures to visitors, laboratory
scientists, and other persons at the site are typically not included in such
calculations. However, in connection with its approval of 60-MW operation,
DOE did request and review the contractor’s dose estimates for exposures to
the onsite population from such an accident.
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Recommendation: A realistic assessment should be made of poten-
tial dose rates from fission products and ezposure to operators during
possible accidents at HFBR to ensure that adequate protection is pro-
vided to operations personnel and to other individuals at the site. This
assessment should include a realistic evaluation of the requirements
Jor evacuation and remote control of reactor shutdown and for estabd-
lishment of long-term core cooling. While the timely accomplishment
of portions of the assessment may involve deterministic analyses, the
assessment should be integrated with the PRA.

Flow Reversal

Conclusion: The design and operating limits to ensure ade-
quate cooling during flow reversal were established based on
tests designed and conducted in 1963. The need to simulate
the dynamsic thermal-hydraulic behavior of the reactor in the
test was not considered, although in response to committee
questions a preliminary analysis of inertial effects has been
completed that indicates that the 19683 tests were conservative.

As discussed above, the HFBR design allows the coolant flow
to reverse from forced downflow cooling to natural circulation with
upflow through the core when the reactor is shut down from full
power. The decay heat generated in the fuel plates must be ade-
quately removed during this flow reversal process, or fuel melting
may result. Prior to the initial start-up of the reactor, a series of out-
of-core experiments were conducted with simulated fuel channels and
a mockup of the flow reversal system. The tests indicated that core
cooling during the flow reversal could be expected to occur without
fuel damage [BNL, 1963].

During its review, the committee raised questions with BNL
staff as to the adequacy of the test loop to simulate the reactor.
In particular, the committee focused on dynamic thermal-hydraulic
effects in the period during which the heated fuel plates experience
a flow-stagnated condition, such as the time required for flow over
the heated plates to decelerate and reverse. BNL believes that the
temperature limits based on the original test results are conservative
even when such dynamic effects are taken into consideration [BNL,
1988m). Since dynamic effects were not considered in the original
design of the experiments, it is important that a more careful and
thorough review be undertaken to confirm that the limits are indeed
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conservative. Analysis of the flow-reversal phenomenon at HFBR
should be conducted using modern numerical simulation techniques.

Recommendation: A preliminary analysis of flow reversal effects at
HFBR previously provided to the committee should be completed and
reviewed by the Brookhaven Reactor Safety Committee, by DOE, and
by the DOE Advisory Committee on Nuclear Facility Safety. This
bounding analysis should be supplemented by a numerical simulation
using modern reactor codes to determine whether the tests conser-
vatively model the heat-up processes of the reactor fuel under flow
reversal conditions and whether the limits derived from the ezperi-
mental tests are valid.

Control Room Staffing

Concluston: The current method of operation allows the con-

trol room to be manned by only one person during all or any
part of a shift.

It is current practice at HFBR to have two operators and one
supervisor on shift. (The supervisor is a qualified operator.) The
main duties of operating the plant are performed in or near the
control room, but various actions and checks are required either
routinely or for other reasons in various parts of the plant. Under the
current procedures both the supervisor and one of the operators could
be away from the control room simultaneously. In the committee’s
judgment, it is not good practice to allow the control room of an
operating reactor to be manned by only one qualified operator. There
should be at least two qualified operating personnel in the control
room at all times during reactor operation and during refueling to
respond to occurrences that could affect the safety of the plant.

Recommendations: The technical specifications for the HF BR should
be revised to require that the control room be manned at all times
by no fewer than two qualified operating personnel while the plant is
operating or being refueled. DOE should develop a consistent policy
for control room staffing for all of the test and research reactors.

Light-Water Ingress

Conclusion: The addition of light water into the HFBR core
region can cause substantial reactivity increases. The safety
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of the plant depends upon continued vigilance and trasning to
avoid a reactivity-induced excursion from the addition of light
water. Operators may be exposed to a high-radiation envi-
ronment in wsing the existing emergency system for addstion
of light-water coolant.

Light-Water (H;0) Injection into the Primary
Heavy-Water (D;0) Cooling System

As described in the FSAR, the addition of light water to the
HFBR core can substantially increase reactivity. The addition of
light water would also reduce the effectiveness of the reflector control
rods. It is possible under these circumstances for the light-water
flooded core to become super-critical even with all the control rods
inserted. This means that power levels could increase very rapidly.

To avoid a potential reactivity excursion owing to the addition
of light water, the contractor controls all sources of light water and
conducts reviews to ensure that any significant injection of light
water is avoided. There is only one direct connection in HFBR
between a light-water system and the primary heavy-water system.
This connection is through a tank filled with a solution of cadmium
nitrate. The system is designed so that the solution of cadmium
nitrate (a neutron “poison”) can be added if needed as a backup
method to assure reactor shutdown and to keep the core covered in
the event of a loss of heavy water coolant.

If light water were needed to keep the core cooled, the system
would be actuated manually by aligning three valves in the piping
leading to the tank full of cadmium nitrate. After the cadmium
nitrate tank is empty, additional light water can only be added by
operation of an additional spring-loaded valve. The spring-loaded
valve was designed to close automatically when released so that it
cannot be inadvertently left in the open position. The operating
procedures specify that light water is to be added only to make
up for losses from boiling. The practice of permitting only limited
makeup of coolant is to ensure that the cadmium nitrate neutron
poison is not flushed out of the core by subsequent addition of light
water; poisoned coolant must remain in the core to prevent re-
criticality. The operator must make the appropriate adjustment
of valves during an accident within the confinement—that is, in a
potentially hazardous environment.

Although the committee was informed that the operator at the
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spring-loaded valve cannot directly read the water level in the reactor
vessel—an essential measurement if light-water addition is to be
limited to the replacement of losses caused by boiling—remote water-
level readings are being installed this year (1988). The concentration
of cadmium nitrate in the tank is checked annually in accordance with
the reactor technical specifications, and no problems in maintaining
proper concentrations have been found. The overall system and
other sources of possible light-water addition were reviewed by BNL
in August 1986, and the possibility of light-water flooding of the core
without neutron poisoning was estimated by the contractor to be
acceptably small [BNL, 1986b]. The contractor’s PRA should aim to
determine whether this conclusion is valid as well. The light-water
addition system is sufficiently dependent on proper operator action
that special care must be taken.

Light- Water Injection into the In-Core Thimbles

HFBR has in-core thimbles that are used to irradiate materials
samples in the high neutron flux regions of the reactor. These thim-
bles are cooled internally by the circulation of heavy water through
an “experimental cooling system” that is separate from the primary
heavy-water system. The heat exchanger for this system is cooled by
light water at a pressure higher than the pressure of the heavy water
in the experimental cooling system. The committee is concerned
about the possible effects of light-water leakage into the experimen-
tal cooling system and subsequent injection into the in-core thimbles,
causing a positive reactivity insertion. This question has not been
analyzed in the FSAR. Preliminary analysis by BNL in response to
our inquiry suggests that any such leakage would not be a problem
[BNL, 1988k], but the analysis needs to be formalized and properly
reviewed.

Recommendation: Continual vigilance is necessary to ensure that
light-water (H30 ) additions to the heavy water (D30 ) cooling system
do not inadvertently occur. Because operator actions are involved, this
vigtlance should include special training to ezplain not only the proce-
dures but also the basis for the requirements, and thereby to motivate
the operators to take special care to ensure that the neutron absorbing
cadmium nitrate solution is always added and remains present dur-
ing any light-water additions. Training and analysis should give due
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consideration to unezpected conditions, for ezample, possible strat-
tfication or over-dilution of the cadmium nitrate solution. Planned
itmprovements should be implemented to provide remote reading of the
water level in the core at stations where light water can be added to
the reactor coolant system. A realistic assessment should be made of
potential dose rates and operator ezposures during manual operation
of the light-water addition system.

The contractor’s preliminary analysis of water injection into the
tn-core thimbles should be formalized, including an analysis of tran-
sients and consequences. This analysis should be reviewed and added
to the Final Safety Analysis Report.

Beam Tube Embrittlement

Conclusion: Beam tubes in the HFBR are being embrittled
by prolonged ezposure to neutron irradiation. Although the
problems encountered at neutron scattering facilities abroad
as a result of beam tube embrittlement have not yet arisen at
the HFBR, tube embrittlement may limit the useful kife of the
reactor.

The HFBR has beam tubes that channel neutrons outside the
reactor vessel for use in neutron scattering experiments. The beam
tubes are integral parts of the reactor vessel. Safe operation of the
reactor thus requires maintenance of the integrity of these tubes.

The beam tubes are positioned close to the reactor core and re-
ceive very high exposures to neutron irradiation. Neutron irradiation
embrittles metals; indeed, several different types of problems have
arisen at high flux reactors in France because of embrittlement.

When the HFBR was designed and constructed, it was assumed
that vessel embrittlement would occur progressively through atomic
displacement. To monitor the progressive embrittlement of the vessel
over the life of the reactor, surveillance specimens of 6061-T6 alu-
minum alloy (of which the beam tubes were made) were suspended
in regions of high neutron irradiation. As expected, examination of
these specimens has shown reductions in metal ductility as a result
of prolonged irradiation. However, the reduction has been caused by
the transmutation of aluminum atoms to silicon atoms rather than
as a result of atomic displacement [BNL, 1988e, 1988i].

Certain French reactors have experienced complete loss of beam
tube ductility through prolonged irradiation. However, the alu-
minum alloys used in these reactors contained significant amounts of
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magnesium. The loss of ductility was the result of the transmuta-
tion of aluminum to silicon, which led to the prompt precipitation
of intermetallic compounds of magnesium silicide. When fabricated,
the 6061-T6 alloy used in the HFBR contained little magnesium,
and the magnesium that was there was largely reacted with silicon
during the fabrication process. Consequently, the HFBR alloy is not
as susceptible to rapid embrittlement as alloys rich in magnesium,
like the ones used in the French reactors. Nor does it appear that the
HFBR alloy is as susceptible to stress corrosion cracking or pitting
corrosion as the French alloys.

Nevertheless, as irradiation progresses, more and more silicon
is produced in the tips of the HFBR beam tubes. Because silicon
has a limited equilibrium solubility in aluminum, the potential for
precipitation of brittle silicon in the alloy increases with continued
irradiation. The equilibrium solubility of silicon in aluminum is
only about 1 percent. Silicon concentrations of nearly 8 percent
have been observed in some surveillance specimens at HFBR. There
may be kinetic barriers to the nucleation of silicon precipitates that
explains why precipitation has yet to occur. However, as the level of
supersaturation increases, it is likely that these kinetic barriers would
be less effective in preventing precipitation. Indeed, at some point,
sudden precipitation of silicon could occur spontaneously. Silicon
concentrations as high as 14 atom percent have been projected for
the HFBR over the next 10 full-power years.

The contractor and DOE are aware of the progressive embrittle-
ment of the HFBR beam tubes, and the threat that it poses. They
have solicited external review and advice on the potential impact on
the integrity of the HFBR coolant system. Unfortunately, little is
known about the behavior under irradiation of 6061-T6 alloy at neu-
tron fluences greater than those already experienced at the tips of the
HFBR beam tubes. The expert reviews that were undertaken con-
cluded that continued monitoring and study of tube embrittlement
are needed.

Because the HFBR is cooled with heavy water, some tritium
is produced during normal operation. The contractor believes that
cracking or perforation of the beam tubes would be detected by tri-
tium leakage before catastrophic rupture could occur [BNL, 1987d].
But the nature of tritium leakage from a defective beam tube has not
been defined.

Quite clearly, there is a need to monitor closely the loss of
ductility of the HFBR beam tubes. With increasing exposure, the
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continued integrity of these tubes will be more suspect. If the tubes
cannot be replaced at reasonable cost, embrittlement will eventually
limit the useful life of the reactor. Meanwhile, the contribution of
beam tube embrittlement and potential tube rupture to the risk of
accidents at the HFBR needs to be fully assessed, along with the risk
of a beam tube rupture exacerbating an accident initiated by some
other means.

Recommendation: The committee endorses continued monitoring and
study of beam tube embrittlement at HFBR. The contractor should pay
careful attention to uncertainties in beam tube rupture in the PRA
currently under way at the HFBR. DOE should ezplore cost-effective
means for replacing the HF BR beam tubes.
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High Flux Isotope Reactor (HFIR)

The High Flux Isotope Reactor (HFIR) is located in eastern Ten-
nessee at the Oak Ridge National Laboratory (ORNL). It is operated
on behalf of the DOE Office of Energy Research by Martin Marietta
Energy Systems, Inc. The reactor reached its design power of 100
MW in 1966. Its primary mission is the production of transuranic
radioisotopes. The types and amounts of radioisotopes produced at
HFIR in 1986 are shown in Table 2. HFIR provides significant mate-
rials irradiation capabilities, as well as facilities for neutron scattering
experiments. The operation staff consists of 88 people, and the FY
1987 budget was $11.4 million. The FY 1988 budget request was
$19.6 million.

HFIR is a flux-trap reactor that is designed to provide especially
high fluxes of neutrons that have thermal energies. Thermal neutrons
at high fluxes are needed to produce transuranic isotopes efficiently.
The reactor uses light water as coolant and beryllium as reflector.
The core is designed as a series of concentric cylinders approximately
30 in. high with an active fuel region that is 20 in. long. The central
shaft, 5 in. in diameter, comprises the flux trap. When a target is
inserted in the core, the average flux in this area is about 5 x 10!®
neutrons/cm? /s, and about one-half of the flux is thermal.

The coreconsists of two annuli of fuel plates. There are 171 plates
in the inner annulus and 369 in the outer. The plates consist of a
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TABLE 2 Isotopes Produced at HFIR in FY 1986

Element

(arranged Radioactivity
by weight) Half-life Mass Produced (millicuries)
Phosphorus-33 %4d . 0.005mg  8.1x103
Calcium-41 1.04x10" y 5.804 g 5.0::!.0a
Iron-55 27y 0.410 mg 1.0x108
Cobalt-60 5.27y 2282 g 2.6x1('l5
Nickel-63 100. y 26¢g :LBxlOs
Selenium-75 119.8 d 0.646 mg 9.4)(1(!!2
Strontium-85 65.2 d 0.032 mg 7.5x101
Zirconium-95 64. d 0.003 mg 5.6::(2[0a
Tin-119m 298. d 0.959 mg 3.6x10 4
Barium-135m 28.7h 0.014 mg l.l.xlO5
Gadolinium-153 2424d 212.0 mg 7.5x103
Ytterbium-169 32.d 0.207 mg 5.0:108
Iridium-192 74.d 5 636 g 4.97:10_1
Curium-248 3.40x10" y 150. mg 8.3x10
Berkelium-249 320.d 50. mg 8.23(106
Californium-262 2.64 y* §00. mg 2.7x10,
Einsteinium-253 204d 2. mg B.1x10,,
Einsteinium-254 275.7d 4.g 7.5x10" 8
Fermium-257 10056d - 1.pg - B.1x10

*
Cf-252 has a neutron output from spontaneous fission of 2.3 x 1012

neutrons/s/g.

cermet fuel made of UsOg and aluminum, with aluminum cladding.
The uranium is enriched to 93 percent U-235. A fresh core contains
about 9.4 kg of U-235 and 2.8 gm of Boron-10.

Immediately outside the fuel annuli are two neutron-absorbing
control cylinders, each about 0.25 in. thick. The cylinders are each
three times the height of the core, and have different absorbers at
different altitudes. The net reactivity is altered by moving the control
cylinders up or down. The absorbers are tantalum and europium
oxide (Eu;03).

Outside the control cylinders is the beryllium reflector, con-
structed in a series of annular cylinders that total to about 1 ft in
thickness. The four external beam tubes protrude into the inner half
of the reflector cylinders to pick up neutrons. The 20 vertical exper-
imental irradiation facilities are in the outer portion of the reflector;
flux there is about 1 x 10!® neutons/cm?/s. The outer periphery
of the reflector also includes four tubes to channel neutrons from
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the reflector exterior to an experiment room located above the main
beam room.

The pressure vessel is eight feet in diameter, and is made of 3-in.
stainless-clad carbon steel. It sits in a reactor pool, which is 18 ft
in diameter and filled with water. The top of the reactor pressure
vessel is 17 ft below the surface of the water. The pool contains
the reactor vessel, provides biological shielding, serves as a heat sink
and a source of emergency makeup water, and offers access to the
storage pool. The reactor pool in which the HFIR is submerged is
a noteworthy safety feature. In many of the hypothesized accidents
that might occur at HFIR, any fission products released from the fuel
would have to pass through the 17 ft of water in the pool. It is well
established that as long as the water in the pool remains below the
boiling point, it could be effective in scrubbing cesium and iodine,
but not noble gases, from gases sparging through it.

Three vertical centrifugal pumps propel the light water coolant
through the primary loop at about 17,000 gpm. The vessel inlet
pressure is 750 psi. The coolant enters through two pipes high on the
vessel, and flows downward through the core, entering at 120°F and
exiting at 160°F. It leaves the bottom of the vessel through one large
pipe, which feeds three of four parallel heat exchangers; the fourth is
kept on standby. The secondary loop subsequently dumps the heat
into three of four conventional cooling towers.

The neutron scattering facilities consist of eight spectrometers
fed by the four beam tubes. Typical beam tube flux for the monochro-
matic beam at the sampling position is 107 neutrons/cm?/s. There
is also a small-angle scattering facility operating at much lower flux.

The reactor confinement normally operates under a small nega-
tive pressure. The interior air is exhausted to the atmosphere through
banks of filters and then through a 250-ft stack.

HFIR has not operated since November 1986. ORNL shut the
reactor down when it was discovered that the pressure vessel was
being embrittled by exposure to neutrons at an unexpectedly rapid
rate. Reactor operations have remained suspended as investigations
have been conducted into the embrittlement problem and the causes
of the delay in its discovery. The contractor has also labored to
respond to various recommendations for improving other aspects of
plant operations while the reactor has been shut down.
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RECENT OPERATING HISTORY

In the 5 years preceding shutdown in November 1986, HFIR
averaged an annual availability factor of 84 percent, with only about
one week of unplanned outage per year. When operating at 100 MW,
the nominal fuel cycle was 22.5 days.

In a typical year of operation 25 percent of the unusual occur-
rences reported to DOE resulted from a loss of AC power to the
reactor, usually caused by lightning. Another 25 percent was due to
trips resulting from extremely low trip thresholds during tests of the
safety subsystems.

Recent operating events prior to the 1986 shutdown included the
following:

In January 1984, with the reactor at about 40 percent power,
the seat light for one of the safety rods actuated in the control
room, and the operators manually scrammed the reactor.
When the reactor was scrammed, the safety rod in question
failed by about 3/4 in. to insert completely. A subsequent
investigation indicated that the lower section of the safety
rod had fallen off. This section, called the piston section, is
normally screwed onto the assembly and staked by peening in
three places. In this case all three stakes had worn through,
and vibration caused the piston to unscrew itself.

In January 1986, tantalum was detected in the demineral-
izer effluent. Investigation revealed a failure of the cladding
over the tantalum on three control plates of the inner con-
trol cylinder. The failure was traced to inconsistent epoxy
bonding during fabrication in 1976. Originally there were
five such plates that were found to be “nonconforming” but
were considered serviceable. Three of them were leaking tan-
talum by 1986. Following the incident, the three damaged
control plates were replaced with spare plates, one of which
was one of the original five defective plates. After shutdown in
November 1986, inspection of this plate showed a 1-in. diam-
eter blister in the cladding of the europium control material.
An investigation by the contractor concluded that “failure
appears imminent, so the cylinder will not be used in the
future,” but in any event “the only result would have been
a slight contamination of the primary coolant system, which
could have been cleared up with no operational problems.”
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In the 20 years of operation preceding the current shutdown,
there were about 180 plant modifications. All but two of the modifi-
cations were regarded as updates of existing systems or components,
and, as such, were interpreted as not requiring DOE review or ap-
proval. This included phase one of the HFIR Irradiation Facility
Improvement (HIFI) project, which involved redesign of the target
tower assembly and associated reactor components. Other signifi-
cant plant modifications since startup included improved bearings
and bearing mounts for the control plates, coolant strainers with
longer service life and varying mesh sizes, and the upgrading of
electronics with integrated circuits.

Following the November 1986 shutdown there have been about
10 modifications proposed, all of which were submitted to DOE for
review and approval. According to the contractor, these modifica-
tions have now been completed. Two of them involved installation
of a seismic scram capability and the strengthening of the primary
system and reactor pool against earthquakes. The remainder were
associated with monitoring and maintaining a new lower limit for
operating pressure and temperature.

TECHNICAL ISSUES
Management of the High Flux Isotope Reactor

Conclusion: DOE and the contractor have determined that
management deficiencies by both organizations were the cause
of serious breakdowns in the safe operation of HFIR. Restruc-
turing of management is now under way.

When the HFIR was constructed, it was recognized that over
time the pressure vessel steel would be embrittled by exposure to
neutron irradiation. Surveillance specimens of various steels used in
the construction of the pressure vessel were suspended in the reactor
so that the rate of embrittlement could be monitored. As discussed
in greater detail below, in 1986 it was discovered that specimens
withdrawn for analysis in 1983 had not in fact been analyzed. When
these specimens were analyzed, it was found that the reactor had
been operating for several years at temperatures that were outside
the technical specifications—that is, outside limits that had been
established for safety reasons.

Discovery of the vessel embrittlement problem prompted closer
examination by DOE and the contractor of the administrative and
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management controls in place for operating the reactor. A large
number of reviews, audits and appraisals were conducted at the
instigation of both the contractor and DOE. A particularly critical
review of contractor management was conducted by DOE’s ES&H
organization [DOE, 1987c]. The ES&H review called attention to
eight major deficiencies:

Insufficient upper level management emphasis on safety.
Insufficient resources expended for safe operation of the reac-
tor.
Inadequate self-appraisals and safety reviews.
Inadequate documentation and analysis of safety-related data
and events.

e Inadequate operator training.

e Lack of adequate organizational controls, standards, and pro-
cedures. »

e Lack of adequate control of nonoperational and maintenance
activities that could affect reactor operation.

e Lack of effective functional quality assurance program.

Taken together, these eight deficiencies represented a severe indict-
ment of operations at HFIR.

During its visit to the reactor, the committee found that the
contractor was attempting to respond fully to the criticisms. The
considerable expertise of ORNL had been applied to reviews of the
reactor and to the development of probabilistic risk and severe acci-
dent analyses. In addition, upper management of reactor operations
had been changed. Nevertheless, the committee concluded that some
of the problems identified in prior reviews appeared not to have been
effectively resolved. It was apparent, for example, that upper man-
agement was largely unfamiliar with the actual condition of systems
within the plant. Leaking valves and jury-rigged plumbing indicated
that maintenance of reactor facilities still lagged behind minimum
expectations. The contractor’s “matrix” organization for conducting
maintenance (see below) was still in force. There were indications of
inadequate housekeeping.

Breakdowns of the magnitude of those that were found at HFIR
demonstrate failures by the local operations office as well as the
contractor. An important function of DOE’s operations offices is
to detect and correct breakdowns of contractor management and
administration. Careful oversight of the contractor is the principal
mechanism available to detect lapses in management and to alert
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those with ultimate responsibility for safe operation to the need for
corrective action.

Subsequent to the committee’s visit, the contractor and the de-
partment have made further management changes. These changes
are intended to increase top management involvement by the con-
tractor and the operations office and to further increase DOE staff
resources. Assessments of the management system by experts with
commercial power experience and by departmental headquarters are
to be completed prior to restart.

Recommendation: DOE must ensure that the steps taken to correct
deficiencies previously tdentified at HFIR have been effectively im-
plemented both by the contractor and by the local DOE operations
office.

Vessel Embrittlement

Conclusion: The HFIR contractor has formulated an oper-
ating strategy that is thought to avoid the hazards posed by
pressure vessel embrittlement. The strategy s the product of
constderable, external ezpertise that the contractor and DOE
have brought to bear on the problem of embrittlement. How-
ever, insufficient attention has been paid to the consequences
of vessel fatlure and more careful evaluation of vessel faslure
should be included in the PRA.

The HFIR has a pressure vessel consisting of carbon steel clad
with stainless steel. At the time HFIR was designed, it was well
known that the carbon steel base metal of the pressure vessel would
undergo microstructural changes when subjected to irradiation by
high energy neutrons. One effect of these changes results in a reduc-
tion in the ductility of the steel. All carbon steel pressure vessels
undergo a change from ductile fracture behavior to brittle fracture
behavior as the temperature of the metal decreases. The transition
temperature between ductile and brittle behavior is called the nil-
ductility transition temperature (NDT). Under prolonged energetic
neutron irradiation, the NDT of the carbon steel that constitutes the
major part of the pressure vessel increases.

The base metal of the pressure vessel, beam tube nozzles, and
vessel welds of HFIR are made of different metal alloys with different
NDTs. At start-up, the highest initial NDT of any of the metal used
in the HFIR pressure vessel was 0°F. All of the evidence available at
the time the reactor was designed indicated that any change in the
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NDT of the vessel material exposed to the highest flux in the reactor
would be negligible, even after 20 years of full power operation.

However, because radiation-induced embrittlement of steel was
incompletely understood, a conservative technical specification was
imposed to keep the plant from being operated while pressurized at
temperatures below 70°F. This technical specification was expected
to ensure that throughout the life of the vessel the NDT of the steel
would never exceed the design criterion, which was that temperatures
of the vessel should always remain 60°F higher than the NDT (T >
NDT + 60°F). This would serve to ensure that the vessel would not
fail as a result of cracking.

To monitor embrittlement, steel specimens (termed “coupons”)
were suspended in the reactor coolant adjacent to parts of the re-
actor vessel shell and beam tube nozzles. These specimens were
located in places that would enable surveillance of the range of ves-
sel materials at points where the materials were subject to low and
high fluxes of energetic neutrons. The plan was for specimens of the
various materials to be withdrawn periodically and tested to ensure
that the original projections concerning the effects of irradiation on
the ductile-to-brittle transition of the HFIR pressure vessel steels
remained valid.

The practice of withdrawing and testing specimens of nozzle
material was followed for a number of years. Data from the spec-
imens indicated nominal shifts in the NDT. However, specimens
of shell material—from which the reactor pressure vessel shell was
constructed—including specimens at the location in the vessel of the
highest neutron flux, were not withdrawn and tested at all prior to
1983. In 1986, during a post-Chernobyl review, it was discovered
that none of the specimens withdrawn from the reactor 3 years pre-
viously had been tested [DOE, 1987a]. The specimens withdrawn in
1983 included, for the first time, specimens of both nozzle and shell
materials. When the 1983 specimens of high flux shell material were
tested in 1986, they showed estimated NDTs for the vessel wall of
55°F. If during this period the reactor was pressurized at 70°F—and
the contractor cannot establish that it was not—this would mean
that it was operated in violation of technical specifications (NDT +
60°F = 115°F). Additional samples of the same material pulled in
1986 showed an NDT of 75°F for the vessel wall. The samples thus
show that the reactor may have been operated not only in violation
of technical specifications, but also under circumstances in which
portions of the reactor vessel were susceptible to brittle fracture.
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The cause of the relatively rapid change in the NDT of the HFIR
pressure vessel steels is not well understood. It has been hypothesized
that slow irradiation by the unusual neutron spectrum from HFIR
produces a rate of irradiation-induced embrittlement not heretofore
known. Information on the embrittlement rate is scant because of the
limited number of surveillance specimens and the type of specimens
used at HFIR. Indeed, estimation of the rate of embrittlement of the
HFIR pressure vessel is very uncertain because there are only two
data points for vessel shell material exposed to the highest flux.

There are other uncertainties. The HFIR pressure vessel is a
welded structure, and it is often found that weld materials and the
heat-affected zones surrounding welds are more susceptible to em-
brittlement. Unfortunately, weld materials were not included among
the surveillance specimens in HFIR. However, inferential data from
other types of irradiation tests suggest that welds at HFIR are no
more affected by irradiation than the bulk metal.

In the face of these uncertainties, the HFIR contractor has de-
veloped a strategy for continued operation [MMES, 1987l]. The
contractor has proposed to operate the reactor at the same inlet
temperature of 120°F but at a reduced power of 85 MW and a re-
duced pressure of 485 psi. A heating system will be installed so that
pressurization of the reactor only occurs when temperatures in the
pool are above 90°F. The contractor is also proposing to conduct a
hydrostatic test of the pressure vessel annually at 900 psi and 85°F.
The test is intended to generate ratios of applied stress to fracture
toughness of the metal that exceed any ratio of stress to fracture
toughness that could develop during the next year of operation. In
other words, if the vessel were to be susceptible to failure before the
next hydrostatic test, the contractor asserts that the failure would
occur during the test rather than during operations [MMES, 1988n].
The first of these hydrostatic tests was conducted last year. Although
some unexplained acoustic signals were received during the test, the
external reviewers and the contractor concluded that the test did not
yield evidence of vessel fragility [BNL,1988; MMES, 1988n]. (The
DOE Advisory Committee has established a subcommittee to evalu-
ate the degree to which the hydrostatic test provides assurance that
the vessel will not fail during operation.)

The proposed basis for continued operation is not consistent with
the original criterion for pressure vessel integrity (NDT plus 60°F).
Furthermore, the new operating regime results in a margin of no

"more than 10°F between the estimated NDT of HFIR pressure vessel
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steel and the new lower temperature limit for pressurized reactor
operation, even though the estimated margin of error for mean NDT
is £ 10°F. Thus, the new strategy does not provide any assured
margin between the NDT and the temperature limit for pressurized
operation, as specified in the original technical specifications. Any
margin that does exist will be progressively reduced as the vessel is
exposed to further irradiation. The rate of embrittlement in HFIR is
not known; the contractor believes that embrittlement of the vessel
is subject to saturation [MMES, 1988n|, and that the rate of em-
brittlement is, at worst, linear, increasing by no more than 4° to 5°
per year. Resumption of operation will require revised, well-justified
technical specifications for pressurized operation.

The contractor and DOE have solicited extensive expert opinion
concerning the problem of vessel embrittlement, and the proposed
operating strategy has been approved by skilled and knowledgeable
outside reviewers. The reviews appear to have been focused almost
exclusively on the question of the likelihood of vessel failure under the
proposed operating regime, given uncertainties regarding the physi-
cal processes involved in irradiation-induced embrittlement at HFIR
[BNL, 1987; DOE, 1987b; MMES, 19871]. In the committee’s view,
however, the risk of vessel failure must be judged not only in terms
of the probability of occurrence, but also in terms of potential con-
sequences. The only review of the consequences of vessel failure was
conducted by the contractor, and it did not constitute an in-depth
evaluation of all aspects of the problem [MMES, 19871]. Rather, the
analysis consisted primarily of a recapitulation of an earlier analysis
of vessel failure that was conducted in conjunction with the HFIR
accident analysis report written more than 20 years ago.

In essence, the contractor hypothesizes that sudden depressur-
ization of the HFIR vessel would be no worse than the “maximum
credible accident” analyzed in 1967 [Union Carbide Corp., 1967].
That is, rapid depressurization would induce fuel melting of 50 per-
cent of the core, with attendant releases of a fraction of the ra-
dionuclide inventory. As a result of recent experiments conducted
with fuels similar to those used in HFIR, however, the releases of
radionuclides postulated in 1967 may not be conservative. Indeed,
the contractor’s own Reactor Review and Audit Committee raised
questions in 1987 about the assumptions regarding releases contained
in the original HFIR safety analyses MMES, 1987a]. The committee
concludes, therefore, that there has been insufficient reanalysis of
possible accident consequences of vessel failure.
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The Department and the contractor have recently conducted
a Level 1 PRA of HFIR [Pickard, Lowe, and Garrick, Inc., 1988].
While accidents involving or initiated by pressure vessel failure were
included in the study, the committee found these analyses unconvinc-
ing. It is not clear, for example, whether the conditional probabilities
for vessel failure estimated by the PRA contractor take into account
embrittlement of the reactor vessel. Moreover, the potential for ves-
sel failure to exacerbate accidents initiated by other causes was not
carefully examined. Both of these matters should be more carefully
addressed. The committee recognizes, however, that the treatment
of vessel failure in the HFIR PRA is uniquely challenging because
of the absence of even generic data on the probability of vessel fail-
ure, because of technical uncertainties concerning the nature of the
embrittlement processes at HFIR, and because of deficiencies in the
understanding of radionuclide release once the HFIR vessel has failed.

Recommendation: The contractor should reanalyze the consequences
of vessel faslure in light of modern knowledge of radionuclide releases
and modern methods of accident analysis. Additional expert review of
the treatment of vessel fatlure in the HFIR PRA needs to be under-
taken, incorporating known uncertasnties concerning the probability
and consequences of vessel failure.

Maintenance

Conclusion: Masntenance work at HFIR has been conducted
by employees assigned to a central laboratory maintenance
organization who are not under the supervisory control of the
reactor manager.

A number of staff changes have taken place at ORNL to
strengthen the operating staff of HFIR and the safety review of
the reactors. These have included assignment of new personnel to
positions of responsibility, and enlargement of the operating staff in
areas where experience has indicated it to be too thin in number and
assured competence. These were necessary changes. However, there
is one area affecting safety that continues to concern the committee:
maintenance.

Maintenance in all areas at Oak Ridge is conducted on a “matrix”
basis. When a maintenance activity is required that necessitates work
by members of a particular craft, a work order is issued to obtain
services from a central maintenance group. Thus, for example, the
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same group of pipe fitters, is drawn on for work at HFIR as is used
for work in other, nonreactor areas of the laboratory. The work
is supervised by the laboratory’s central maintenance group. This
means that the director of the HFIR is not in direct charge of all of
the individuals who do work on the reactor. Such a practice, unless it
is carefully controlled, can undercut the fundamental responsibility
for safety, which attaches to the director of the reactor. There
were indications in a January 1988 DOE review of quality assurance
practices at HFIR that problems continue to occur in this area [DOE,
1988b]. In response to the DOE review, ORNL has taken steps
to monitor maintenance activities at HFIR more closely [see, e.g.,
MMES, 1988;j].

The committee believes that reactor safety would be better
served if the reactor operations at ORNL had a small, in-house
staff of maintenance personnel dedicated to reactor maintenance.
This staff could then be trained and qualified specifically for work
on the HFIR in order to ensure familiarity with the reactor and
awareness of correct maintenance procedures and the consequences
of maintenance errors. The director of the reactor and the mainte-
nance manager would be responsible for evaluation of performance of
individuals in this maintenance group. When the maintenance staff
are not occupied with work on the reactor, they could still work on
other tasks at ORNL, but their management and training should be
optimized for reactor maintenance.

Larger jobs might still require individuals from a central labora-
tory work force or from outside the laboratory, but the work could
then be conducted under direct surveillance and control by qualified
in-house individuals.

Recommendation: The contractor should dedicate a small in-house
staff with a range of ezpertise to reactor maintenance. This staff
should be under the direct supervision of HFIR management. The
HFIR training program should be ezpanded to include training for the
newly dedicated staff of maintenance workers.?

3While the report was going to press, the committee was informed that
the contractor had recently made changes along the lines recommended in the
report. The committee was not in a position to confirm these changes. The
committee recommends that DOE and the contractor carefully monitor the new
maintenance organisation in order to ensure that, indeed, a properly supervised,
high-quality maintenance program has been established at HFIR and is now
operating effectively.
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Conclusion

The test and research reactors represent a significant national
resource for scientific research, for the production of radioisotopes
for medical and other purposes, and for advancing the knowledge
of reactor technology. However, their capacity to continue to serve
as tools for science, industry, medicine, and national defense will be
jeopardized if the reactors are not operated in a way that comports
with public expectations for reactor safety. Because several of the
facilities were designed 20 to 30 years ago, they are confronting some
expected, and some unexpected, problems of aging. Special and
continuous activities to ensure safety are necessary. It is hoped that
this report will offer helpful guidance to DOE in these efforts.

The committee also hopes that this report and its predecessor
on the defense production reactors will be viewed in the proper
context. The real challenge confronting DOE is not only to respond
to specific issues that this committee or others have identified, but
rather, it is to establish a viable, vigilant safety enterprise that is
capable of identifying and correcting safety issues without extensive
outside prodding. Perhaps this is the most significant message of
these reports.

There are signs that the department and its contractors rec-
ognize this need. The DOE safety apparatus is improving and is
striving to meet its obligations. In this connection, it is important to
recognize that DOE itself requested the committee’s scrutiny of the
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Class A reactors and has embarked on extensive efforts to respond to
the recommendations in the previous report. These steps are healthy
signs. Nonetheless, the dedication to improving reactor safety can-
not be episodic. There must be a vital, continuous, and long-term
commitment to safety that permeates all levels of DOE and the con-
tractor organizations. The relationship between the department and
its contractors must be a partnership of common goals, complemen-
tary capabilities, and, most importantly, mutual dedication to the

safety of the reactors and the protection of operating personnel and
the public.
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Rev. 2. September 30, 1987.

EG&G Idaho, Inc. A Report on the 1987 Annual Appraisal of the Advanced
Test Reactor. Division of Programs, Operations and Evaluation. October
1987.

EG&G Idaho, Inc. Review and Approval of Configuration Control Baseline
Documents. Power Reactor Programs Policy Manual. Entry No. 3.2.
October 23, 1987.

EG&G Idaho, Inc. A Report on the 1987 Annual Appraisal of the Advanced
Test Reactor (ATR). POE-A-07-87. November 1987.

EG&:G Idaho, Inc. POE Quality Systems Audit of ATR Program and Test Re-
actor Area. Audit Report 70801. J. C. Reynolds, Lead Auditor. November
13, 1987.

EG&G Idaho, Inc. Internal Technical Report. ATR Vessel Lifetime and Primary
Coolant System IGSCC Assessment. J. L. Durney, W. G. Reuter, G. K.
Miller and G. A. Reimann. Report No. PGT87-009. December 1987.

EG&G Idaho, Inc. National Research Council Information Request: ATR
Fission Product Inventory. Letter from Douglas W. Croucher to F. L.
Sims (DOE). December 17, 1987.

EG&G Idaho, Inc. TRA Power R.eu:tor Programs Monthly Report - December
1987, Letter from H. J. Zeile to F. L. Sims (DOE-ID). January 20, 1988a.

EG&G Idaho, Inc. PRAC Charter. Memorandum from J. C. Haire to J. O.
Zane. January 21, 1988b.

EG&G Idaho, Inc. Advanced Test Reactor Training Programs Accreditation
Plan. January 28, 1988c.

EG&G Idaho, Inc. Results of 200 MW ATR Inlet Header LOCA. Memorandum
from P. D. Wheatley to D. W. Croucher. February 10, 1988d.

EG&G Idaho, Inc. Note on Analysis of Envelope Tube for High Temperature
Loop. [February 12, 1988e].

EG&G Idaho, Inc. Note on Power Distribution During Blowdown of PCS.
[February 12, 1988f].

EG&G Idaho, Inc. Response to Questions Received Prior to NRC Review. D.
W. Croucher. February 19, 1988g.

EG&G Idaho, Inc. ATR Steam Explosion Potential. S. A. Atkinson, R. P.
Wadkins and Z. R. Martinson. February 22, 1988h.

EG&G Idaho, Inc. Letter from D. M. Sherick to H. E. Stone [on certification
and experience of ATR experiment operators|. March 8, 1988i.

EG&G Idaho, Inc. Letter from D. M. Sherick to Distribution, ATR Long Range
Operations Schedule - DMS-98-88. March 21, 1988;.

EG&G Idaho, Inc. H; Generation in the ATR from Metal-Water Reactions—
Close-01-88. Memorandum from J. A. Close to J. L. Durney. March 29,
1988k.

EG&G Idaho, Inc. NRC Information—DWC-50-88. Letter from D.W. Croucher
to Steven Blush (NAS) (with attachments). March 29, 1988l.
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EG&G Idaho, Inc. NRC Firewater Injection Responses—DWC-04-88 (with
attachments). Memorandum from D. C. Wilkie to D. M. Sherick. April 4,
1988m.

EG&:G Idaho, Inc. Additional ATR Information for NRC - DWC-51-88. Letter
from D.W. Croucher to Steven Blush (NAS). April 5, 1988n.

EG&G Idaho, Inc. ATR Information Requested by NRC - DWC -52-88. Letter
from D. W. Croucher to Steven Blush (NAS). April 8, 19880.

EG&G Idaho, Inc. Responses to ATR Questions - DWC-56-88 (with attach-
ments). Letter from D. W. Croucher to Steve Blush (NAS). April 13,
1988p.

EG&G Idaho, Inc. Summation of Plant Event Reports, 1983 Through 1988.
Letter from D. M. Sherick to S. M. Blush. April 15, 1988q.

EG&G Idaho, Inc. Additional ATR PRAC Information Requested by NRC—
DWC-54-88 (with attachments). Letter from D. W. Croucher to S. Blush
(NAS). April 15, 1988r.

EG&G Idaho, Inc. ATR Fission Product Inventory (Curies)—DWC-63-88.
Letter from D. W. Croucher to Steve Blush (NAS). May 9, 1988s.

EG&G Idaho, Inc. ATR Unusual Occurrence Reports, 1983-1988t.

EG&G Idaho, Inc. ATR Core and Experiment Safety Analysis. J. L. Durney.
n.d.

EG&G Idaho, Inc. ATR Overall Perfonnmce Indicators, Calendar Year 1987.
nd.

EG&G Idaho, Inc. Programs Risk Advisory Committee (PRAC) Charter.
|April 1988].

Hanson, G. H., B. J. Merrill, S. A. Atkinson, and L. J. Siefkin. *Reactor Vessel
Design-Basis-Accident Pressure-Pulse Prediction Using SPIRT Code,” ANS
Transactions, Vol. 30, 1978.

Idaho Nuclear Corpontxon Radiological and Safety Studlea for the ATR. D.
R. deBoisblanc and S. Cohen. March 1967.

Phillips Petroleum Company, Atomic Energy Division. Safety Analysis Report,
Advanced Test Reactor. D. R. deBoisblanc and S. Cohen. Volumes I-II.
April 1965a.

Phillips Petroleum Company, Atomic Energy Division. Supplement, Safety
Analysis Report, Advanced Test Reactor. D. R. deBoisblanc and S. Cohen.
October 1965b.

Phillips Petroleum Company, Atomic Energy Division. Second Supplement,
Safety Analysis Report, Advanced Test Reactor. D. R. deBoisblanc, S.
Cohen, and V. A. Walker. PTR-781. April 1966.

U.S. Department of Energy. An Independent On-site Safety Review, Depart-
ment of Energy’s Advanced Test Reactor (ATR), July 14-18, 1980. Nuclear
Facilities Personnel Qualification and Training Committee (Crawford Com-
mittee). DOE/US-0015. February 1981.

U.S. Department of Energy. Advanced Test Reactor (ATR). R. A. Hunter.
August 22, 1986.

U.S. Department of Energy. Advanced Test Reactor (ATR) Safety Assessment.
Prepared by the ATR Safety Review Group, Idaho Operations Office.
January 1987.

U.S. Department of Energy. Technical Safety Appraisal for ATR (draft).
February 1988.
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U.S. Department of Energy. FY 1989 Congressional Budget Request. Atomic
Energy Defense Activities. Key Activities Summary. Naval Reactor De-
velopment. n.d.

U.S. Department of Energy. ATR Test Plan (with attachments). [FY 1989)].

EBR-II Documents

Argonne National Laboratory. Hasard Summary Report Experimental Breeder
Reactor-II (EBR-II). ANL-5719. J. L. Koch et al. May 1957.

Argonne National Laboratory. Addendum to Hasard Summary Report Experi-
mental Breeder Reactor II (EBR-II). ANL-5719 (Addendum). L. J. Koch,
W. B. Loewenstein and H.O. Monson. June 1962.

Argonne National Laboratory. The EBR-II: A Status Report. ANL-7743. R.
R. Smith, W. B. Loewenstein and C. M. Walter. July 1971.

Argonne National Laboratory. Response of EBR-II to Off-Normal Primary-
Coolant Flow. E. M. Dean and J. 1. Sackett. August 1976.

Argonne National Laboratory. Final Safety Analysis Addenda to Hasards
Summary Report, Experimental Breeder Reactor II (EBR-II): Upgrading
of Plant Protective System, Volume I. ANL-76-34. Compiled by J. I
Sackett and N. L. Gale. August 1977.

Argonne National Laboratory. Response of EBR-II to Reactivity Insertion. E.
M. Dean and J. 1. Sackett. March 1978.

Argonne National Laboratory. Final Safety Analysis Addendum to Hasard
Summary Report, Experimental Breeder Reactor No. II (EBR-II): The
EBR-II Cover-Gas Cleanup System. ANL-78-89. R. M. Fryer et al. April
1979.

Argonne National Laboratory. EBR-II Technical Specifications. June 1980.

Argonne National Laboratory. Final Safety Analysis Addenda to Hasards
Summary Report, Experimental Breeder Reactor II (EBR-II): Upgrading
of Plant Protection System, Volume II. ANL-79-97. Compiled by N. L.
Allen, J. M. Keeton, and J. I. Sackett. June 1980.

Argonne National Laboratory. Basis of Criteria for EBR-II Reactor-Containment
Isolation. ANL-76-33. C. C. Price et al. October 1980.

Argonne National Laboratory. Design Basis Document for Trips Related to
Loes of Primary Flow in the EBR-II Plant Protection System. ANL-76-31.
J. F. Boland et al. December 1980. _

Argonne National Laboratory. Design-Basis Document for Trips Related to
Reactivity Change in the EBR-II PPS (in the Operate Mode). ANL-76-32.
R. N. Curran et al. December 1980.

Argonne National Laboratory. Comparison of performance and reliability of
vendor-produced TIG-welded and CD-welded MARK-II fuel for EBR-II,
B. R. Seidel and D. L. Porter. Liquid Metal Fast Breeder Reactor Technical
Progress Report, July-September 1982.

Argonne National Laboratory. Final Safety Analysis Addenda to Hasards
Summary Report, Experimental Breeder Reactor II (EBR-II): Upgrading
of Plant Protection System, Volume III. ANL-83-92. Compiled by J. M.
Keeton. January 1984.

Argonne National Laboratory. High Burnup Performance of EBR-II Depleted-
Uranium Outer-Radial Bracket. B. R. Seidel et al. June 1984.
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Argonne National Laboratory. Executive Summary, Extending the Operating
Lifetime of EBR-II to 30 Years and Beyond. December 1984.

Argonne National Laboratory. Extending the Operating Lifetime of EBR-II to
30 years and Beyond. R. W. King, E. C. Filewics, J. Poloncsik, and W.
H. Rodtke. February 1985.

Argonne National Laboratory. Final Safety Analysis Addendum to Hasards
Summary Report, Experimental Breeder Reactor II (EBR-II): EBR-II
Operation in the Limited Transient Mode. Compiled by J. M. Keeton et
sl. March 198S.

Argonne National Laboratory. Experimental Breeder Reactor FY 1985 [Engi-
neering] Task Summary. April 15, 1985.

Argonne National Laboratory. Final Safety Analysis Addendum, Upgrade
of Loss-of-Flow Protection System, 2/N Flow Trip Logic in the EBR-II
Reactor Shutdown System. F. D. McGinnis and J. M. Keeton. July 1985.

Argonne National Laboratory. Report of the Annual Audit and Inspection of
Reactor Facilities at ANL-West. Office of Nuclear Safety and the Reactor
Safety Review Committee. June-July 1987.

Argonne National Laboratory. EBR-II since 1964. (draft). September 1987.

Argonne National Laboratory. Overview of Safety-Related Documentation for
Experimental Breeder Reactor II (EBR-II). G. H. Golden and W. K. Lehto.
November 1987. '

Argonne National Laboratory. Bibliography of Publications on Experimental
Breeder Reactor No. II (EBR-II): 1955-September 1987. ANL/EBR-133.
November 1987.

Argonne National Laboratory. Computer Printouts on EBR-II operating history
for FY 87 (actual) through FY 89 (projected). November 13, 1987.

Argonne National Laboratory. Grid Loading Diagram for Run 146B. November
20, 1987.

Argonne National Laboratory. Letter from D. W. Cissel to Steven Blush. NAS
[providing supplementary information on EBR-II test]. November 25, 1987.

Argonne National Laboratory. Safety Analysis and Performance History as a
Basis for Establishing an Interim Burnup Limit for Mark-III, Mark II-C
and Mark-IICS Fuel Elements. Compiled by John Koenig. [January 1988].

Argonne National Laboratory. EBR-II Division Organisation Chart, January
1988.

Argonne National Laboratory. Draft Revisions of the EBR-II Technical Spec-
ifications to Accommodate Use of MK-III, MK-IIC and MK-IICS Driver
Fuel at Interim Burnup Levels. [January 5, 1988].

Argonne National Laboratory. Monthly Status Report/Reactor Safety Items.
Memorandum from R. M. Fryer to Distribution. January 6, 1988.

Argonne National Laboratory. Status of EBR-II Unusual Occurrence Reports.
Memorandum from D. W. Cissel to E. H. Palys. January 11, 1988.

Argonne National Laboratory. [Engineering] Task Summary. [Computer print-
out|. February 1988.

Argonne National Laboratory. Plant Change Items for FY 88. February 22,
1988.

Argonne National Laboratory. News Release [on EBR-II’s FY 1987 Capacity
Factor]. February 26, 1988.

Argonne National Laboratory. Data on EBR-II Division Sources and Uses of
Funds for Fiscal Years 1985, 1986, and 1987. Letter from D. W. Cissel to
Patrick Rapp. March 3, 1988. .
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Argonne National Laboratory. PSRG minutes and letters for 1986 and 1987.
Letter from D. W. Cissel to S. M. Blush. March 3, 1988.

Argonne National Laboratory. Charter and current roster of the ANL Reactor
Safety Review Committee (RSRC). Telecopy from D. W. Cissel to S. Blush.
April 5, 1988.

Argonne National Laboratory. Numbers Assigned to Unusual Occurrence Re-
ports (UOR). Letter from D. W. Cissel to S. Blush. April 22, 1988.
Argonne National Laboratory. EBR-II Fission Product Inventory, 8100 MWD

Q 62.5 MW Activity After Shutdown (Computer printout). n.d.

Argonne National Laboratory. IFR Inherent Safety Demonstration in EBR-II,
April 3, 1986. n.d.

Argonne National Laboratory. EBR-II Technical Specification Waivers. 1979-
1987.

Argonne National Laboratory. EBR-II Unusual Occurrence Reports, Quarterly
Status Report 1984-1987.

Argonne National Laboratory. PSRG [Plant Safety Review Group] minutes and
letters, 1986-1987.

Argonne National Laboratory. Excerpt from Thirty Year Study on Vulnerability
of EBR-II Graphite (with attachments). [1988].

Argonne National Laboratory. EBR-II Operating Event Reports, 1983 - (Febru-
ary) 1988.

Argonne National Laboratory. Reactor Safety Review Committee Minutes,
1986-1988.

Buschman, H. W. Experimental Breeder Reactor-II: 20 Years of Operating
Experience, Nuclear Safety, Vol. 26 No. 4, July-August 1985.

King, L. Argonne Laboratory: Not Waiting for Crumbs from DOE’s Table. The
Energy Dady. February 2, 1988.

EBR-II, Efficiency Record, Safety Mark Set by Experimental Breeder Reactor.
DOE This Month. April 1988.

The Experimental Breeder Reactor-II Inherent Safety Demonstration, EBR-II
Division, Argonne National Laboratory, April 1986. Nuclear Engineering and
Design, Special Issue, Vol. 101, 1987.

U.S. Department of Energy. EBR-II Reactor Review by NE Reactor Review
Team. May 20-23, 1980.

U.S. Department of Energy, Chicago Operations Office. EBR-II Reactor Safety
Appraisal Report, Argonne National Laboratory-West. August 19-25, 1986.

U.S. Department of Energy. Letter from R. A. Hunter to S. Blush (NAS),
(Supplementary information on ATR, EBR-II and FFTF]|. September 19,
1986.

U.S. Department of Energy. Letter Approvals to Temporarily Waive Specific
EBR-II Technical Specifications, 1979-1987.

U.S. Department of Energy. Operating Experiences and Programs at the Fast
Flux Test Facility and the Experimental Breeder Reactor-II. R. A. Hunter
et al. [1987]

U.S. Department of Energy. Technical Safety Appraisal of EBR-II (draft).
February 1988.
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FFTF Documents

American Nuclear Society. Proceedings, International Conference on Reliable
Fuels for Liquid Metal Reactors. Tucson, Arisona, September 7-11, 1986.

Argonne National Laboratory. IFR Fuels Performance and Fabrication Progress
Report. TM-49. April 1988.

Hanford Engineering Development Laboratory. A Summary Description of the
Fast Flux Test Facility. HEDL-400. Compiled by C. P. Cabell. December
1980.

Hanford Engineering Development Laboratory. Final Desigu Report, FFTF
Containment Margins. TC-1519, Rev. 2. J. J. Broderick. July 1981.
Hanford Engineering Development Laboratory. Safety Analysis Guide for Non-

reactor Nuclear Facilities HEDL-MG-153. December 1981.

Hanford Engineering Development Laboratory. Nuclear Facility Safety Manual.
HEDL-MG-49, Rev. 1. March 1982.

Hanford Engineering Development Laboratory. FFTF Operating Report, April
16-November 11, 1982. HEDL-401. Compiled by A. D. Gadeken. January
1983.

Hanford Engineering Development Laboratory. FFTF Outage Report, Novem-
ber 12, 1982-January 18, 1983. HEDL-402. Compiled by A. D. Gadeken.
April 1983.

Hanford Engineering Development Laboratory. FFTF Operating Report, Jan-
uary 18-May 22, 1983. HEDL-403. Compiled by C. B. Nordby. August
1983. ’

Hanford Engineering Development Laboratory. FFTF Outage Report, May 22,
1983-July 4, 1983. HEDL-404. Compiled by C. B. Nordby. September
1983. .

Hanford Engineering Development Laboratory. FFTF Operating Report, July
4-October 23, 1983. HEDL-405. Compiled by C. B. Nordby. January 1984.

Hanford Engineering Development Laboratory. FFTF Outage Report, October
24, 1983-January 1, 1984. HEDL-406. Compiled by C. B. Nordby. April
1984.

Hanford Engineering Development Laboratory. FFTF Operating Report, Jan-
uary 1-April 23, 1984. HEDL-407. Compiled by C. B. Nordby. August
1984.

Hanford Engineering Development Laboratory. FFTF Outage Report, April 23,
1983-June 21, 1984. HEDL-408. Compiled by C. B. Nordby. December
1984.

Hanford Engineering Development Laboratory. FFTF Operating Report, June
21-November 2, 1984. HEDL-409. Compiled by C. B. Nordby. April 1985.

Hanford Engineering Development Laboratory. FFTF Outage Report, Novem-
ber 2-December 22, 1984. HEDL-410. Compiled by C. B. Nordby. June
1985.

Hanford Engineering Development Laboratory. FFTF Operating Report, De-
cember 22, 1984-June 24, 1985. HEDL-411. Compiled by C. B. Nordby.
October 1985.

Hanford Engineering Development Laboratory. FFTF Outage Report, June
24-August 17, 1985. HEDL-412. Compiled by C. B. Nordby. December
1985.
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Hanford Engineering Development Laboratory. Specification for Steady State
Natural Circulation Test. TS8-008B-003. Compiled by W. L. Knecht.
March 1986a.

Hanford Engineering Development Laboratory. Engineering Data Transmittal.
Test Specification for Zero Power Gas Expansion Module Test. April 21,
1986b.

Hanford Engineering Development Laboratory. FFTF Operating Report, Au-
gust 17, 1985-January 3, 1986. HEDL-413. Compiled by M. L. Polk. May
1986¢.

Hanford Engineering Development Laboratory. FFTF Outage Report, July
19-September 9, 1986. HEDL-416. Compiled by M. L. Polk. May 1987.

Hanford Engineering and Development Laboratory/Westinghouse Hanford Com-
pany. HEDL Safeguards Council and SEAC Reactor Subcouncil Meeting
Minutes, 1986 - (February) 1988.

Leggett, R. D., R. K. Marshall, and J. W. Weber. Irradiation of Metallic-
Uranium Hollow-Core Fuel Elements to 1 at.% Burnup. n.d.

U.S. Department of Energy. Approval-in-Principle to Irradiate the Core Demon-
stration Experiment (CDE) in FFTF. Letter from D. F. Bunch to A. G.
Fremling (DOE/RL). May 1, 1984.

U.S. Department of Energy. Technical Safety Appraisal of the Fast Flux Test
Facility, March 1986 (draft). DOE/EH-0013. July 1986.

U.S. Department of Energy. Letter from Delbert Bunch to Victor Stello (NRC).
December 30, 1987.

U.S. Nuclear Regulatory Commission. Safety Evaluation Report. NUREG-0358.
August 1978.

U.S. Nuclear Regulatory Commission. Safety Evaluation Report, Supplement
No. 1., NUREG-0358 SUPP. 1. May 1979.

Walters, L. C., B. R. Seidel, and J. H. Kittel. Performance of Metallic Fuels
and Blankets in Liquid-Metal Fast Breeder Reactors. Nuclear Technology.
Vol. 65. May 1984.

Westinghouse Hanford Company. Final Safety Analysis Report, Fast Flux Test
Facility. 10 Vols. August 1977 (as amended).

Westinghouse Hanford Company. Status of Response to NRC Advice and
Recommendations. September 1, 1981.

Westinghouse Hanford Company. Design Review Report-Lower End Attach-
ment for HT9 Ducts. Memorandum from R. G. Trenchard and W. I. Clark
to D. M. Art et al. March 28, 1984.

Westinghouse Hanford Company. Request for Approval-in-Principle to Irradiate
the High Burnup Core Demonstration Advanced Oxide Fuel Irradiation
Test in FFTF. Letter from E. A. Evans to Director, DOE Office of Breeder
Reactor Technology. April 4, 1984.

Westinghouse Hanford Company. Technical Feasibility for the High Burnup
Core Demonstation Experiment (CDE) Advanced Oxide Fuel Test. Mem-
orandum from D. C. Corrigan to C. M. Cox. May 11, 1984.

Westinghouse Hanford Company. Design Review Report for the Formal Design
Review for the High Burnup CDE Fuel Tests ACO-5 through ACO-19 (with
attachment). Letter from D. F. Washburn to J. J. Keating (DOE/RL).
July 26, 1984.

Westinghouse Hanford Company. Independent Design Review for Core Demon-
stration Experiment (CDE) Blanket Pins. Letter from D. F. Washburn to
J. J. Keating (DOE/RL). August 10, 1984.
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Westinghouse Hanford Company. Design Review Completion Report-Core
Demonstration Experiment (CDE) Blanket Pins. Letter from D. F. Wash-
burn to J. J. Keating (DOE/RL). September 20, 1984.

Westinghouse Hanford Company. Technical Reports HEDL-TC-2600 and 2601,
CDE Fuel and Blanket Design Support Document Transmittal (with at-
tachments). Letter from R. D. Leggett to J. R. Patterson (DOE/RL).
October 2, 1984.

Westinghouse Hanford Company. Transmittal of CDE Design Procedures and
Operating Requirements, TC-2632. Memorandum from D. F. Washburn
to D. C. Corrigan (with attachment). November 14, 1984.

Westinghouse Hanford Company. Design Review—Core Demonstration Experi-
ment Duct-To-Shield By-Pass Flow Restrictor. Letter from R. D. Leggett
to J. R. Patterson (with attachments). February 7, 1985a.

Westinghouse Hanford Company. CDE Duct-To-Shield By-Pass Flow Restric-
tory Design Review Report. Memorandum from H. G. Powers to C. M.
Cox (with attachments). February 27, 1985b.

Westinghouse Hanford Company. Test Design Description Volume IA for the
Core Demonstration Experiment (CDE). Memorandum from D. F. Wash-
burn to D. C. Corrigan (with attachment). March 20, 1985c.

Westinghouse Hanford Company. Fast Flux Test Facility Surveillance and In-
Service Inspection (SISI) Requirements. MG-89 Rev.10. J. D. Kuechle.
March 20, 1985d.

Westinghouse Hanford Company. Core Demonstration Experiment Duct-to-
Shield By-Pass Flow Restrictor Design Completion Report. Memorandum
from H. G. Powers to C. M. Cox (with attachments). March 22, 1985e.

Westinghouse Hanford Company. Test Design Description Volume IA for the
Core Demonstration Experiment (CDE). Memorandum from D. F. Wash-
burn to D. C. Corrigan (with attachment). April 1985f.

Westinghouse Hanford Company. Desigu Review Completion Report - Core
Demonstration Experiment (CDE) Fuel Pins. Letter from D. F. Washburn
to J. J. Keating (DOE/RL). April 24, 1985g.

Westinghouse Hanford Company. Test Desigu Description Volume 1B Revision
1 for the Core Demonstration Experiment Fuel Tests (with attachment).
July 31, 1985h.

Westinghouse Hanford Company. Design Review of Modified SCA Shutdown
Test Device. Memorandum from D. Art to Q. L. Baird et al. (with
attachments). September 30, 1985i.

Westinghouse Hanford Company. HEDL-TC-2732, FFTF Core Demonstration
Experiment Physics Studies (with attachment). Letter from R. A. Bennett
to J. R. Patterson (DOE/RL). October 1, 1985;.

Westinghouse Hanford Company. Final Design Review of IST Program Gas
Expansion Module. Memorandum from D. C. Corrigan to Design Review
Committee Members. November 11, 1985k.

Westinghouse Hanford Company. CDE Operating Plan. HEDL-TC-2811. G.
L. Fox. February 1986a.

Westinghouse Hanford Company. Transmittal of the Independent Safty Eval-
uation for the ABA-1 and 2 Advanced Oxide Blanket Irradiation Tests
(GB179 and GB180) (with attachment). February 3, 1986b.

Westinghouse Hanford Company. Standard Engineering Practices, Corrective
Maintenance and Modification Work Packages (EP 2.4). March 1986c¢.
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Westinghouse Hanford Company. FFTF Engineering Change Notice. PPS Trip
From Fast Response PIOTA. ECN A-22661. March 18, 1986d.

Westinghouse Hanford Company. Final Design Review of Gas Expansion Mod-
ule (GEM) - Revised Design. Memorandum from D. M. Lucoff to Design
Review Committee (with attachments). March 24, 1986e.

Westinghouse Hanford Company. FFTF Engineering Change Notice. Waiver
of Tech. Spec 17.2.2.1 & 17.3/4.3.1, Reactor Shutdown System, for Steady
State Natural Circulation Testing. ECN A-22563. March 28, 1986f.

Westinghouse Hanford Company. FFTF Technical Specification Review for
Cycle 8B/8C IST. Memorandum from G.R. Frans, Q. L. Baird and R. L.
Strain to R. J. Baumhardt et al. (with attachment). March 28, 1986g.

Westinghouse Hanford Company. FFTF Engineering Change Notice. Technical
Specification Waiver for GEM Testing. ECN A-22680. March 28, 1986h.

Westinghouse Hanford Company. Gas Expansion Module Design Review Action
Item. Memorandum from E. R. Cramer to D. C. Corrigan. April 7, 1986i.

Westinghouse Hanford Company. Cycle 9A CDE Fuel Assemblies - Approval
to Ship to FFTF and Insert in IDS. Memorandum from D. C. Corrigan to
E. F. Loika and J. F. Williams. April 7, 1986;.

Westinghouse Hanford Company. FFTF Engineering Change Notice. Waiver of
Technical Specification 17.2.2.1 and 17.3/4.3.1 for Loes of Flow Without
Scram Testing. ECN A-22581. April 11, 1986k.

Westinghouse Hanford Company. FFTF Engineering Change Notice. Experi-
menter RSS Trips: Secondary Nuclear Power Level and Primary Nuclear
Startup Rate. ECN A-22608. April 11, 1986l.

Westinghouse Hanford Company. Cycle 8B GEM Assemblies - Approval to Ship
to FFTF and Insert in IDS. Memorandum from D. C. Corrigan to E. F.
Loika and J. W. Thornton. April 15, 1986m.

Westinghouse Hanford Company. Cycle 8B GEM Assemblies - Approval to Ship
to FFTF and Insert in IDS. Memorandum from D. C. Corrigan to E. F.
Loika and J. W. Thornton. April 18, 1986n.

Westinghouse Hanford Company. Transmittal of Revised (IST) Zero Power
GEM Test Technical Specification. Memorandum from D. C. Corrigan to
RERs (with attachment). April 18, 19860.

Westinghouse Hanford Company. Request for Approval of the Test Specification
for Loss of Flow-Without Scram Testing During Cycle 8C (Initial Power
Levels < 50%). Letter from J. E. Nolan to J. R. Patterson (DOE/RL)
(with attachment). April 18, 1986p.

Westinghouse Hanford Company. Insertion Approval for the 9 Inherent Safety
Testing (IST) Gas Expansion Modules (GEMS) into the FTR for the S8B
Zero Power Test. Memorandum from C. L. Peckinpaugh to J. W. Daughtry
(with attachments). April 28, 1986q.

Westinghouse Hanford Company. Acknowledgment of Saftisfactory Test Design
Description Volume I (HEDL-TC-2815) for the GAS Expansion Module
Inherent Safety Test. Memorandum from D. C. Corrigan to J. W. Daughtry
(with attachment). April 28, 1986r.

Westinghouse Hanford Company. Test Specifications: S8B - Measurement of
GEM Worth, P8B - Delayed Pony Motor Trip Test. Letter from J. J.
Laidler to J. R. Hunter (DOE/RL) (with attachment). April 29, 1986s.

Westinghouse Hanford Company. Information Copy of Revision 2 to TDD-1B for
the CDE Blanket Assemblies ABA-3 through ABA-8 (with attachment).
Memorandum from D. C. Corrigan to RERs. May 13, 1986t.
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Westinghouse Hanford Company. Addendum #1 to the ABA-1 and 2 Indepen-
dent Safety Evaluation to Include ABA-2 through 8. Memorandum from
D. D. Stepnewski to Distribution (with attachments). May 19, 1986u.

Westinghouse Hanford Company. Addendum #1 to the ABA-1 and 2 Indepen-
dent Safety Evaluation to Include ABA-3 through 8. Memorandum from
D. D. Stepnewski to Distribution. May 19, 1986v.

Westinghouse Hanford Company. GEM Structural Evaluation. Memorandum
from L. J. Julyk to D. M. Art (with attachment). May 23, 1986w.

Westinghouse Hanford Company. The Release of Fission Products from Irradi-
ated SRP Fuels at Elevated Temperatures. HEDL-7598. June 1986x.

Westinghouse Hanford Company. Evaluation of GEM Safety During Normal
Operation. Memorandum from D. M. Lucoff to D. C. Corrigan (with
attachment). June 3, 1986y.

Westinghouse Hanford Company. Transmittal of GEM TDD-IA, Addendum
1 (for P8C IST to Nom. Max. 50% Power. Memorandum from D. C.
Corrigan to RERs. June 9, 1986s.

Westinghouse Hanford Company. Cycle 9A Experiment Assembly - Approval
to Ship to FFTF and Insert in IDS. Memorandum from D. C. Corrigan to
R. J. Baumhardt and J. F. Williams. June 10, 1986aa.

Westinghouse Hanford Company. Revision #1 to Insertion Approval for the 9
Inherent Safety Testing (IST) Gas Expansion Modules (GEMs) into the
FTR for the PSC LOFWOS IST to 50% Power. Memorandum from C. L.
Peckinpaugh to J. W. Daughtry. June 18, 1986bb.

Westinghouse Hanford Company. Transmittal of the Independent Safety Evalu-
ation of the Core Demonstration Experiment (ACO-5 to ACO-19) HEDL-
TC-2847 (with attachment). Memorandum from D. D. Stepnewski to
Distribution. July 8, 1986¢cc.

Westinghouse Hanford Company. Independent Safety Evaluation of the Gas
Expansion Module (GEM) Test Assemblies. Memorandum from D. D.
Stepnewski to Distribution (with attachment). July 8, 1986dd.

Westinghouse Hanford Company. Limit on Number of LOFWOS Events for
the GEMS. Memorandum from L. J. Julyk to D. C. Corrigan and J. W.
Daughtry. July 11, 1986ee.

Westinghouse Hanford Company. Revision 2 to Insertion Approval for the Nine
Inherent Safety Testing (IST) Gas Expansion Modules (GEMs) into the
FTR for the P&C LOFWOS IST to 50% Power. Memorandum from C. L.
Peckinpaugh to J. W. Daughtry. July 14, 1986ff.

Westinghouse Hanford Company. FTR Insertion Approval for the Core Demon-
stration Experiment (CDE) Oxide Blanket Test Assemblies, ABA-3 through
ABA-6 (HB173 through HB176). Memorandum from C. L. Peckinpaugh
to D. F. Washburn. July 23, 1986gg.

Westinghouse Hanford Company. FTR Insertion Approval for the Core Demon-
stration Experiment (CDE) Oxide Blanket Test Assemblies ABA-1 and
ABA-2 (GB179 and GB180). Letter from C. L. Peckinpaugh to S. Kaplan
(GE). July 23, 1986hh.

Westinghouse Hanford Company. CDE Blanket Assembly Nominal Performance
(with attachment). Letter from R. D. Leggett to J. R. Hunter (DOE/RL).
July 28, 1986ii.

Westinghouse Hanford Company. Acknowledgement of Satisfactory Addendum
to TDD-IA for the GEM-IST Testing to 50% Power During Cycle 8C.
Memorandum from D. C. Corrigan to J. W. Daughtry. August 20, 1986jj.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19106

Safety Issues at the DOE Test and Research Reactors: A Report to the U.S. Department of En
http://www.nap.edu/catalog.php?record_id=19106

11

Westinghouse Hanford Company. CDE Fuel Assembly Nominal Performance.
Letter from R. D. Leggett to J. R. Hunter (DOE/RL) (with attachment).
September 3, 1986kk.

Westinghouse Hanford Company. Engineering Review Report 86-12: Adjust-
ment of FFTF Cycle 9A Core Demonstration Experiment Blanket Assem-
bly Outlet Alarm Temperature Settings. Memorandum from K. D. Dobbin
to W. A. Dantel. December 31, 1986Il.

Westinghouse Hanford Company. Five Years Operating Experience at the Fast
Flux Test Pucility. R. J. Baumhardt and R. A. Bechtold. [1987a).

Westinghouse Hanford Company. FFTF Outage & Operating Report, January
3-April 28, 1986. HEDL-414. Compiled by M. L. Polk. January 1987b.

Westinghouse Hanford Company. Core Demonstration Experiment Startup and
Initial Operation, HEDL-TC-2926. Letter from R. D. Leggett to J. R.
Hunter (DOE/RL) (with attachment). January 15, 1987c.

Westinghouse Hanford Company. Results of the Delayed Pony Motor Trip and
Steady-State Natural Circulation Tests. HEDL-TC-2939. T. M. Burke.
February 1987d.

Westinghouse Hanford Company. FFTF Fuiled Fuel Identification Experience.
HEDL-SA-3699FP. J. A. Rawlins et al. March 1987e.

Westinghouse Hanford Company. FFTF Outage and Operating Report, April
20, 1986 - July 18, 1986; Cycle 8B/C. HEDL-415. Compiled by M. L.
Polk. April 1987f.

Westinghouse Hanford Company. FFTF Loss of Flow Without Scram Experi-
ments with GEMs. HEDL-TC-2947. L. R. Campbell et al. June 1987g.

Westinghouse Hanford Company. Industrial Safety and Fire Protection. Man-
agement Requirements and Procedures Manual Chapter WHC-MRP-5.7.
June 17, 1987h.

Westinghouse Hanford Company. Calculation of Three-Dimensional to Two-
Dimensional Biases for Nuclear Analyses of FFTF Core Demonstration
Experiment, HEDL-TC-2854. Letter from D. J. Newland to J. R. Hunter
(DOE/RL) (with attachment). June 22, 1987i.

Westinghouse Hanford Company. FFTF Inherent Safety Flow Transient Data
Report (with attachment). Memorandum from E. W. Gerber to J. R.
Hunter (DOE/RL). June 26, 1987].

Westinghouse Hanford Company. FFTF Inherent Safety Tests: Results of Cycle
8A Steady-State Reactivity Feedback Measurements (with attachment).
Memorandum from E. W. Gerber to J. R. Hunter (DOE/RL). June 26,
1987k.

Westinghouse Hanford Company. Summary of In-Service Inspection Activities
from February 5-September 9, 1986 (8th Power Cycle through 9A Outage).
July 16, 19871,

Westinghouse Hanford Company. Analysis of the Fast Flux Test Facility Passive
Safety Tests Using the SASSYS Code. A. Padilla, Jr. September 1987m.

Westinghouse Hanford Company. Fast Flux Test Facility Operating Report, Cy-
cle 9A, September 10, 1986-February 5, 1987. WHC-EP-0048-1. Compiled
by M. L. Polk. September 1987n.

Westinghouse Hanford Company. FTR Insertion Approval for the MONJU Fuel
Experiments, MFA-1 and MFA-2 (HF186 and HF187). Memorandum from
D. J. Newland to J. L. Ethridge. October 9, 19870.

Westinghouse Hanford Company. Fast Flux Test Facility. Presentation to the
National Research Council. Viewgraphs. November 1987p.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19106

Safety Issues at the DOE Test and Research Reactors: A Report to the U.S. Department of Energy
http://www.nap.edu/catalog.php?record_id=19106

112

Westinghouse Hanford Company. Fast Flux Test Facility Performance Monitor-
ing, Management Information. D. J. Newland. WHC-EP-0099. November
1987q.

Westinghouse Hanford Company. FTR Insertion Approval for the FFTF Series
1 Control Rod S/N 544 (HA213) Test. Memorandum from D. J. Newland
to D. M. Lucoff. November 16, 1987r.

Westinghouse Hanford Company. Fast Flux Test Facility Power Addition Safety
Assessment. WHC-EP-0077. December 1987s.

Westinghouse Hanford Company. Fast Flux Test Facility Performance Moni-
toring, Management Information, November 1987. D. J. Newland. WHC-
SP-0081-4. December 1987¢.

Westinghouse Hanford Company. Operations Performance Measurement for
September and October. Memorandum from FFTF Operations to R. A.
Bennett et al. December 3, 1987u.

Westinghouse Hanford Company. Memorandum from B. Ritter to J. LoScalso
(DOE). December 16, 1987v.

Westinghouse Hanford Company. Safety and Environmental Advisory Council.
Management Policies Manual Chapter WHC-CM-1-1, Section MP5.15,
Rev. 1. December 18, 1987w.

Westinghouse Hanford Company. FFTF Fission Product Inventory. Letter from
D. J. Newland to S. Blush (NAS). December 18, 1987x.

Westinghouse Hanford Company. Radiation Protection. Management Policies
Manual Chapter WHC-CM-1-1, Section MP5.4, Rev. 1. December 21,
1987y.

Westinghouse Hanford Company. Fast Flux Test Facility. Presentation to the
National Research Council. Viewgraphs. January 1988a.

Westinghouse Hanford Company. FFTF Conversion to Metal Fuel (Series III),
Operator Training Handout. [January 1988b.)

Westinghouse Hanford Company. FFTF Administrative Procedure A-12. Jan-
uary 8, 1988c.

Westinghouse Hanford Company. Plant Tracking System [Computer Printout
of All Event Report Open Action Items|. January 12, 1988d.

Westinghouse Hanford Company. Operational Assurance Program Fiscal Plan-
ning Worksheet. [January 13, 1988e.|

Westinghouse Hanford Company. Nuclear Reactor Safety. Management Re-
quirements and Procedures Manual (Draft) Chapter WHC-CM-1-3, Section
MRP 5.24 Rev. 1. January 13, 1988f.

Westinghouse Hanford Company. Independent Review Committee for Conver-
sion of FFTF to Binary Metal Fuel. Viewgraphs. January 26, 1988g.
Westinghouse Hanford Company. Revised Independent Safety Analysis Limits
for Extended Cycle 10A Operation. Memorandum from J. C. Van Keuren
and F. J. Heard to D. C. Corrigan (with attachment). January 27, 1988h.

Westinghouse Hanford Company. Independent Review Committee Comments
for Conversion of FFTF. Memorandum from D. C. Gibbs to M. K. Korenko.
February 19, 1988i.

Westinghouse Hanford Company. Completion of Control Milestone #2.2, Issue
Cycle 9 CDE Report, Task Number NETOS3. Letter from R. W. Powell to
J.R. Hunter (DOE/RL). February 29, 1988j.

Westinghouse Hanford Company. FFTF Fission Product Inventory. Telefax
from R. A. Bennett to S. Blush. March 18, 1988k.
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Westinghouse Hanford Company. FFTF Binary Metal Fuel Program. Presen-
tation to the National Ressarch Council. Viewgraphs. March 30, 1988l.

Westinghouse Hanford Company. Fast Flux Test Fucility Performance Mon-
itoring, Management Information, March 1988. WHC-SP-0081-8. April
1988m.

Westinghouse Hanford Company. Letter from D.J. Newland to Steven Blush
(NAS) (with attachments). April 7, 1988n.

Westinghouse Hanford Company. FFTF Critiques, 1983-1988.

Westinghouse Hanford Company. FFTF Unusual Occurrence Reports, 1983-
1988.

Westinghouse Hanford Company. The Reliability-Centered Maintenance Study
at FFTF. nd.

Westinghouse Hanford Company. Reliability-Centered Maintenance (RCM),
Application to the Sanitary and Fire Water System (System 23 A/B). n.d.

Westinghouse Hanford Company. Reliability-Centered Maintenance (RCM),
Application to the Compressed Air System (System 23J). n.d.

HFBR Documents

Brookhaven National Laboratory. Experimental Evaluation of the HFBR Emer-
gency Cooling System. BNL 12476. P. Tichler and F. Hill. April 1963.

Brookhaven National Laboratory. Final Safety Analysis Report on the
Brookhaven High Flux Beam Research Reactor. 2 Vols. J. M. Hendrie.
April 1964a.

Brookhaven National Laboratory. Responses to the 20 Questions Asked by the
Advisory Committee on Reactor Safeguards (ACRS) in its Review of the
FSAR. June 19, 1964b.

Brookhaven National Laboratory. Final Safety Analysis Report on the Cold
Neutron Facility for the Brookhaven HFBR. Edited by A. Kevey. February
1976.

Brookhaven National Laboratory. Addendum to Final Safety Analysis Report
on the High Flux Beam Research Reactor (April 1964). June 1978.

Brookhaven National Laboratory. 60 MW Accident Analysis; Plugged Water
Channels in Fuel Element. Memorandum from P. Tichler to Files. July
19, 1979a.

Brookhaven National Laboratory. Consequence of Pipe Break Accident at 60
MW. Memorandum from P. Tichler to Files. August 10, 1979b.

Brookhaven National Laboratory. Consequences of a Postulated DBA. Letter
from V.P. Bond to Robert A. Friess (DOE). November 19, 1979c.

Brookhaven National Laboratory. Final Safety Analysis Report on the Cold
Neutron Facility for the Brookhaven HFBR. Edited by A. Kevey. August
1980.

Brookhaven National Laboratory. Addendum to the High Flux Beam Reactor
Final Safety Analysis Report for 60 MW Operation. P. Tichler. April 1982

Brookhaven National Laboratory. Addendum to January 23, 1984 Memo:
Potential for Fire in Activated Carbon Absorbers, etc. Memorandum from
P. Tichler to File. February 8, 1984.

Brookhaven National Laboratory. FY 1987 and FY 1988 Accelerator and
Reactor Additions and Modifications-HFBR and CNF. 1985.
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Brookhaven National Laboratory. Documents provided to the NAS on the
safety review of a reactor modification to install reactor vessel steam vent
valves. September 1986a.

Brookhaven National Laboratory. Review of Consequences of Reactor Accidents
at the HFBR, Involving a Breach in the Reactor Vessel. Memorandum
from P. Tichler to the Files. September 2, 1986b.

Brookhaven National Laboratory. Reactor Modification No. 20-86, Reactor
Vessel Steam Vent Valves. Letter from G. C. Kinne to D. Schweller.
September 15, 1986¢.

Brookhaven National Laboratory. Guide to HFBR Safety Analysis. Documents
provided to the NAS. January 16, 1987a.

Brookhaven National Laboratory. Supplementary Information for Guide to
HFBR Safety Analysis. [January 16, 1987b).

Brookhaven National Laboratory. Summary of Security-Related Modifications.
March 27, 1987c.

Brookhaven National Laboratory. Leak-Before-Break Evaluation of the HFBR
Beam Tube Tips. Memorandum from J. R. Weeks to M. H. Brooks. April
29, 1987d.

Brookhaven National Laboratory. Supplementary Information for Guide to
HFBR Safety Analysis. Documents provided to the NAS, November 18,
1987e.

Brookhaven National Laboratory. Advance material provided to the NAS,
including Triennial Reactor and Critical Safety Audit. November 18,
19871.

Brookhaven National Laboratory. Letter from M. Brooks to M. Smith (DOE)
(with attachments). Documents provided to the NAS, December 17, 1987g.

Brookhaven National Laboratory. Quarterly Report, Incomplete Reactor Divi-
sion Projects. Memorandum from D. R. Oldham to Distribution. January
12, 1988a.

Brookhaven National Laboratory. Status of Reactor Division Commitments.
January 29, 1988b.

Brookhaven National Laboratory. RD Projects Review Committee Meeting
1/29/88. Memorandum from D. R. Oldham to Distribution. February 2,
1988c.

Brookhaven National Laboratory. Documents provided to the NAS on fuel
element blockage. February 10, 1988d.

Brookhaven National Laboratory. Documents provided to the NAS on irradia-
tion effects on reactor vessel material. February 10, 1988e.

Brookhaven National Laboratory. Documents provided to the NAS on U30g-Al
fuel. February 10, 1988f.

Brookhaven National Laboratory. Response to Crawford Committee Recom-
mendations and Fiscal Data on Reactor Upgrades and Security Funding.
Letter from M. H. Brooks to S. Blush (NAS). February 16, 1988g.

Brookhaven National Laboratory. National Academy of Sciences-HFBR Security
and Reactor Improvements. Memorandum from J. Hauser to M. Brooks.
February 16, 1988h.

Brookhaven National Laboratory. Letter from M. H. Brooks to S. Blush,
with documents on pitting in aluminum-to-stainless steel joints and on
irradiation effects on beam tubes. February 24, 1988i.
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Brookhaven National Laboratory. Letter from P. Tichler to D. D. Lanning, with
documents providing information on deuterium generation during accidents
at the HFBR. March 23, 1988;j.

Brookhaven National Laboratory. Letter from M. H. Brooks to D. D. Lanning
Regarding the HFBR Reactor Division’s Response to Questions. April 8,
1988k.

Brookhaven National Laboratory. Letter from M.H. Brooks to S. Blush (NAS)
(with attachments). April 5, 1988l.

Brookhaven National Laboratory. Letter from M. H. Brooks to D. D. Lanning
in respouse to questions concerning test loop inertial effects. April 11,
1988m.

Brookhaven National Laboratory. Letter from M.H. Brooks to S. Blush (with
attachments). April 18, 1988n.

Brookhaven National Laboratory. Letter from M. H. Brooks to D. D. Lan-
ning, with documents on emergency level indication, operation of exhaust
blowers, and tritium doses if exhaust blowers do not operate. April 21,
19880.

Brookhaven National Laboratory. Reactor and Critical Experiments Safety
Committee Meeting Minutes, 1986-1987.

Brookhaven National Laboratory. Reactor Division Unusual Occurrence Re-
ports, 1983-1988.

Low-Temperature Physics Heats Up with New Refrigerator at HFBR, Brook-
haven Bulletin, Vol. 42-No. 7, February 19, 1988.

National Research Council. Meeting Transcript. Committee to Assess Safety
and Technical Issues at DOE Reactors. March 30-31, 1988.

U.S. Department of Energy. Department of Energy’s High Flux Beam Reactor
(HFBR), September 15-19, 1980. A Special Report Prepared for the Nu-
clear Facilities Personnel Qualification and Training Committee (Crawford
Committee). DOE/US-0017. February 1981.

U.S. Department of Energy. Technical Safety Appraisal of the Brookhaven
National Laboratory High Flux Beam Reactor (draft). June 1987.

U.S. Department of Energy. FY 1989 Congressional Budget Request, Basic
Research User Facilities, Office of Energy Research. n.d.

HFIR Documents

Brookhaven National Laboratory/HFIR Technical Review Committee. Letter
report to J. F. Decker (DOE). J. M. Hendrie, Chairman. August 26, 1987.

Brookhaven National Laboratory/HFIR Technical Review Committee. Letter
report to J. F. Decker (DOE). J. M. Hendrie, Chairman. February 23,
1988.

Martin Marietta Energy Systems, Inc. Heat Transfer Calculations for the High
Flux Isotope Reactor (HFIR) Technical Specifications - Bases for Safety
Limits and Limiting Safety System Settings. T. M. Sims and J. H. Swanks.
September 1977.

Martin Marietta Energy Systems, Inc. Operating Manual for the High Flux
Isotope Reactor. ORNL/TM-1138/R1. September 1982.

Martin Marietta Energy Systems, Inc. Oak Ridge National Laboratory Re-
search Reactor Experimenters’ Guide. ORNL/TM-8308/R1. C. D. Cagle.
October 1982.
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Martin Marietta Energy Systems Inc. Report of the Materials Irradiation
Fucilities Improvements Committee. ORNL/TM-9709. C. W. Alexander
et al. October 1985a.

Martin Marietta Energy Systems, Inc. High Flux Isotope Reactor Technical
Specifications. ORNL/TM-5711/R2. November 1985b.

Martin Marietta Energy Systems, Inc. Mechanical Design Change Memo HFIR-
70, HFIR Irradiation Facility Improvement (HIFI) - Phase I. July 25, 1986.

Martin Marietta Energy Systems, Inc. RORC Review of HFIR Irradiation
Facility Improvement - Phase I. Memorandum from H. D. Cochran to G.
D. Burger. August 11, 19886.

Martin Marietta Energy Systems, Inc. Office of Operational Safety Approval of
the HFIR Irradiation Facility Improvement - Phase . Memorandum from
G. H. Burger to B. L. Corbett. August 14, 1986.

Martin Marietta Energy Systems, Inc. Reevaluation of HFIR Source Term.
ORNL-6324 (Supplement No. 2 to ORNL-3573). November 1986.

Martin Marietta Energy Systems, Inc. Reactor Review and Audit Committee
Report on the Safety and containment Features of the High Flux Isotope
Reactor (D. B. Trauger, ed.) January 26, 1987a.

Martin Marietta Energy Systems, Inc. Report of the Martin Marietta Energy
Systems, Inc. Reactor Management Review Committee. (G. R. Jasny,
Chairman). Y-EA-93. April 1987b.

Martin Marietta Energy Systems, Inc. Revised Charter for the ORNL Reactor
Experiments Review Committee (RERC). Memorandum from H. B. Piper
to Distribution. June 5, 1987c.

Martin Marietta Energy Systems, Inc. Final Report of the HFIR Irradiation
Fuacilities Improvement. ORNL/TM-10505. B. H. Montgomery, K. R.
Thoms and C. D. West. September 1987d.

Martin Marietta Energy Systems, Inc. Program Plan for the High Flux Isotope
Reactor. ORNL/RRD/INT-1. September 1987e.

Martin Marietta Energy Systems, Inc. Restart Plan for the High Flux Isotope
Reactor. ORNL/RRD/INT-2. September 1987f.

Martin Marietta Energy Systems, Inc. CARTS Listing of all Pre- and Post-
Restart Actions. ORNL/RRD/INT-8. September 1987g.

Martin Marietta Energy Systems, Inc. Oak Ridge National Laboratory High
Flux Isotope Reactor Training Plan. ORNL/TM-10502. September 1987h.

Martin Marietta Energy Systems, Inc. ORO Readiness Review Team Criteria
for HFIR. ORNL/RRD/INT-13. September 1987i.

Martin Marietta Energy Systems, Inc. Action Plans and Completed Actions for
the High Flux Isotope Reactor. ORNL/RRD/INT-3. September 1987j.

Martin Marietta Energy Systems, Inc. Research Reactors Division Training
Program Manual. ORNL/RRD/INT-10. September 1987k.

Martin Marietta Energy Systems, Inc. Evaluation of HFIR Pressure-Vessel
Integrity Considering Radiation Embrittlement. ORNL/TM-10444. R. D.
Cheverton, J. G. Merkle and R. K. Nanstad, eds. September 18, 19871.

Martin Marietta Energy Systems, Inc. Quality Assurance Organisation and
Development Plan and Schedule. ORNL/RRD/INT-20. (Prepared by the
Maxima Corporation). September 24, 1987m.

Martin Marietta Energy Systems, Inc. [HFIR] Investigation TPS (X-87-QD-
0002) and Quality Investigation Report. September 29, 1987n.
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Martin Marietta Energy Systems, Inc. Completion Package for Management
Improvements for the High Flux Isotope Reactor. ORNL/RRD/INT-15.
October 19870.

Martin Marietta Energy Systems, Inc. The HFIR Pressure Vessel Decompres-
sion Analysis. ORNL/RRD/INT-17. K. H. Luk. October 1987p.

Martin Marietta Energy Systems, Inc. HFIR Pressure Vessel and Structural
Components Materials Surveillance Program, Supplement 1. ORNL/TM-
1872/S-1. October 1987q.

Martin Marietta Energy Systems, Inc. HFIR Vessel Hydrostatic Proof Test.
ORNL/RRD/INT-9. R. D. Cheverton, B. L. Corbett, and D. J. Naus.
October 6, 1987r.

Martin Marietta Energy Systems, Inc. Draft Surveillance Plan for the High
Flux Isotope Reactor. F. E. Muggridge. October 8, 1987s.

Martin Marietta Energy Systems, Inc. Quality Assurance Assessment/Plan.
RRD-QAA-87-06, Rev. 1. October 9, 1987t.

Martin Marietta Energy Systems, Inc. HFIR Systems Transient Model.
ORNL/RRD/INT-25. T. Wilson. October 30, 1987u.

Martin Marietta Energy Systems, Inc. Completion Package for Analysis and
Documentation for Restart of the High Flux Isotope Reactor.
ORNL/RRD/INT-16. November 1987v.

Martin Marietta Energy Systems, Inc. Charter, Research Reactors Division
Independent Review Committee. Rev. November 23, 1987w.

Martin Marietta Energy Systems, Inc. Overview of High Flux Isotope Reactor
(HFIR). Presentation for the NAS. November 24, 1987x.

Martin Marietta Energy Systems, Inc. [HFIR] Reactor Systems Maintenance.
RRAP-3.8. December 2, 1987y.

Martin Marietta Energy Systems, Inc. Revised Charter for the ORNL Reactor
Operations Review Committee (RORC). Memorandum from H. B. Piper
to Distribution. December 11, 1987s.

Martin Marietta Energy Systems, Inc. Documents provided to the NAS on HFIR
fission product inventory, decay heat, and fuel mass loading. December 17,
1987aa.

Martin Marietta Energy Systems, Inc. Request for Approval of Design Change
Memo No. HFIR-71, Rev.l, (Mechanical), HFIR Irradiation Facility Im-
provement (HIFI) - Phase II. Letter from F. R. Mynatt to J. A. Lenhard
(DOE). December 18, 1987bb.

Martin Marietta Energy Systems, Inc. Reactor Equipment Validation Team
Charter. [January 1988a).

Martin Marietta Energy Systems, Inc. Quality Assurance Program Review
Team Charter. Document provided to the NAS, January 1988b.

Martin Marietta Energy Systems, Inc. Assessment of Safety Issues at Production
Reactors for Applicability to the High Flux Isotope Reactor. January
1988c¢.

Martin Marietta Energy Systems, Inc. HFIR Long-Range Budget. Document
provided to the NAS, January 12, 1988d.

Martin Marietta Energy Systems, Inc. Expected Schedule of HFIR Irradiation
Experiments During 86 MW Period of Operation. Document provided to
the NAS, January 13, 1988e.

Martin Marietta Energy Systems, Inc. Status of Review and Approval Requests.
Memorandum from D. M. McGinty to A. L. Lotts. January 19, 1988f.
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Martin Marietta Energy Systems, Inc. RORC and RERC Membership Rosters.
January 20, 1988g.

Martin Marietta Energy Systems, Inc. RORC Review of HFIR Primary Coolant
Pump Bearing Over-Temperature Problem Fixes. By H. B. Piper. March
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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
Reactor 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 Cher-
nobyl accident. In addition, the committee will respond to Secretary
Herrington’s request for public participation by holding public meet-
ings 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.

121

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19106

Safety Issues at the DOE Test and Research Reactors: A Report to the U.S. Department of Energy
http://www.nap.edu/catalog.php?record_id=19106

122

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 accident; these will
be discussed in a later report.
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Appendix B
Biographical Sketches of Committee
Members

RICHARD A. MESERVE is a partner in the Washington law
firm of Covington & Burling. He holds both a law degree from Har-
vard Law School and a Ph.D. degree in applied physics from Stanford
University, where he did postdoctoral work on the theoretical proper-
ties of paramagnets and techniques to calculate molecular properties.
In 1976, he was a clerk for Supreme Court Justice Harry A. Black-
mun, 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 develop policies designed to promote
the technological advance of American industry and conducted re-
views of energy technology issues. In addition, he served as executive
director of an interagency committee concerned with nuclear power
plant safety. Mr. Meserve has been a member of several study com-
mittees 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 a vice president at Science Applica-
tions International Corporation (SAIC). He has worked primarily on
nuclear facility safety and waste management problems, and is an
expert in radiological accident health and environmental and eco-
nomic consequence evaluation. Prior to joining SAIC, Dr. Aldrich
was supervisor of the Safety and Environmental Studies Division of
Sandia National Laboratories, where he worked on a wide variety of
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reactor safety issues, including management of an NRC-sponsored
program to develop a new set of risk assessment computer codes cov-
ering 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 decision making, and is active in the Organiza-
tion 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 APOSTOLAKIS is a professor in the Mechanical,
Aerospace, and Nuclear Engineering Department of the University
of California, Los Angeles. His research activities are in the devel-
opment of methods for the assessment of risks from complex techno-
logical systems, nuclear reactor safety, and toxic waste disposal. 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, national laborato-
ries, and 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 Ameri-
can Association for Structural Mechanics in Reactor Technology. He
is coeditor of the international journal Reliabslity Engineering and
System Safety.

RICHARD S. DENNING is senior research leader for nuclear
safety at Columbus Laboratories, Battelle Memorial Institute. He is
an expert in radioactive source term and severe accident research.
His work focuses on reactor safety and risk, including core meltdown
behavior, radionuclide transport, transient thermal hydraulics, and
criticality and shielding analysis. He holds a Ph.D. degree in nuclear
engineering from the University of Florida. He is currently a member
of the DOE Advisory Committee on Nuclear Facility Safety.

RONALD GAUSDEN is currently a consultant on nuclear en-
ergy. He is the former chief inspector of the Nuclear Installations In-
spectorate (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 Wegner energy release
causing a graphite fire and release of radioactive particulates. He has
authored papers for professional conferences on nuclear safety stan-
dards and nuclear power plant regulatory procedures, and in 1982
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was awarded the C.B. for meritorious public service by Her Majesty
the Queen.

DAVID L. HETRICK is profeasor of nuclear and energy engi-
neering at the University of Arisona in Tucson. His research interests
center on reactor dynamics and simulation. He is an administrative
judge for the U.S. Nuclear Regulatory Commission, and has served
as an IAEA technical expert on assignment to Mexico’s Instituto de
Investigaciones Electricas. Dr. Hetrick has also been a visiting pro-
feasor of nuclear engineering at the University of Bologna, Italy. He
has served as a consultant on reactor dynamics to government and
industry and is the author of numerous articles on reactor physics
and nuclear safety.

WILLIAM KASTENBERG is chairman of the Mechanical, Aero-
space, and Nuclear Engineering Department at the University of Cal-
ifornia, Los Angeles. His research focuses on nuclear reactor safety,
the development of risk-benefit and cost-benefit analysis, and envi-
ronmental modeling for nuclear power installations. He has served
as a senior fellow of the Advisory Committee on Reactor Safeguards,
where he developed methods for applying probabilistic acceptance
criteria to nuclear and nonnuclear technologies. He has been a con-
sultant to a number of other governmental panels, including the
President’s Nuclear Safety Oversight Committee. He is the author
of over 100 journal and proceedings publications relating to reactor
safety and risk assessment, 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 Brookhaven National Laboratory. He was the first di-
rector of the Nuclear Regulatory Commission’s Office of Nuclear
Regulatory Research, having previously headed the Division of Re-
actor Safety Research at the Atomic Energy Commission. He is a
former member and chairman of the Advisory Committee on Re-
actor Safeguards, and has been affiliated, either as a consultant or
as a member, with 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 Committee on Source 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 Re-
actor and the Fast Flux Test Facility. He is currently a member of
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the IAEA’s International 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. He has been a consultant to
a number of firms active in the electric utility and nuclear industries,
including Stone and Webster Engineering Corporation, Northern
States Power, Boston Edison, and GA Technologies. His professional
interests include nuclear engineering education and the design, safety,
control, and operation of nuclear reactor systems. In the 1950s he
worked for General Electric at Hanford and in the 1960s for Battelle
Northwest Laboratories. At MIT during the 19708 he was codirector
of the MIT Research Reactor with the responsibility for the design
and installation of the MIT R-II. He has also 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 coordinator 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 Council, having been appointed to the council by
the governor of the state of Washington. He is a former member of
the Office of Technology Assessment’s advisory panel on radioactive
waste disposal, and has served on a number of National Research
Council committees, including past membership on the Environ-
mental Studies Board and current membership on the Board on
Radioactive Waste Management. His research interests include en-
ergy 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 and has been the president of S. Levy
Incorporated, a consulting firm to the power industry since 1977.
He currently consults for many electric utilities and several power
equipment manufacturers, the Electric Power Research Institute, two
national laboratories, and the Research Division of the U.S. Nuclear
Regulatory Cormnmission. From 1953 to 1977, he was employed by
the General Electric Company in various technical and managerial
positions. He was successively manager, heat transfer and fluid low
development; manager, systems engineering; manager, design engi-
neering; general manager, Nuclear Fuel Department; and general
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manager, Boiling Water Reactor System Department. In April 1975,
he became general manager for Boiling Water Reactor Operations
where he was responsible for all the engineering and manufacturing
of General Electric’s nuclear power business. Dr. Levy is a member
of the National Academy of Engineering and a fellow of the American
Society of Mechanical Engineers from which, in 1966, he received the
ASME Heat Transfer Memorial Award. He is also a member of the
American Nuclear Society, and in 1987 he received the ANS Thermal
Hydraulics Division Technical Achievement Award. He is a director
of Iowa Electric, a member of the oversight committees for four nu-
clear power plants, and a member of the U.S. Nuclear Regulatory
Commismon’s Nuclear Safety Research Review Committee. He has
authored more than 50 published technical papers.

DANA A. POWERS is supervisor of the Reactor Accident Source
Terms Division of Sandia National Laboratories. Dr. Powers’ par-
ticular research interests are the thermodynamics and kinetics of
material processes under severe reactor accident conditions. He has
worked extensively on core debris interactions with concrete and the
behavior of radionuclides under accident conditions. He has served as
a consultant to the Advisory Committee on Reactor Safeguards, the
International Atomic Energy Agency’s review of the Chernobyl acci-
dent, and the Rogovin Commission review of the Three Mile Island
accident. He is currently a member of the DOE Advisory Committee
on Nuclear Facility Safety.

HENRY E. STONE recently became a consultant after a 38-year
career with General Electric (GE) in nuclear related activities. He
was at Knolls Atomic Power Laboratory from 1950 to 1973 in various
positions of reactor 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 the Nuclear Energy Engineering Division, with
responsibility for boiling water reactor engineering, engineered equip-
ment procurement, and operation of the Vallecitos Nuclear Center.
In the early 19808 he served on an NAS committee studying nu-
clear technology for space application and on a DOE safety panel on
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 Ameri-
can Nuclear Society, a fellow in the American Society of Mechanical
Engineers, and a member of the National Academy of Engineering.
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THEO THEOFANOUS is professor of chemical and nuclear en-
gineering and 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 number of special Nuclear Regulatory
Commission advisory/review committees and panels, most recently
on one concerned with the peer review of NUREG-1150. He partic-
ipated in the Nuclear Regulatory Commission’s Task Force on the
Chernobyl Accident and was a member of the U.S. delegation to the
IAEA special meeting on Chernobyl. He is an editor of the Journal
of Nuclear Engineering 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 joining the MIT faculty, 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 Flux Test Facility.
Dr. Todreas is a member of the National Academy of Engineering
and a fellow of the American Nuclear Society and the American
Society of Mechanical Engineers, and he serves as the chairman of
the Nuclear Safety Research Review Committee of the U.S. Nuclear
Regulatory Commission. He is also on the editorial board 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 Technology
Associates, Inc. (BETA), a small technical consulting group special-
izing in providing assistance to nuclear utilities in the management,
design, and operation of nuclear power plants. For 15 years prior
to forming BETA, Mr. Wegner was deputy director under Admiral
Hyman G. Rickover of the U.S. naval reactors program. In 1980-1981
he served as a member of the staff of the “Crawford Committee,”
which conducted a review of the safety of DOE reactors.
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