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ABSTRACT

The cornerstones of the United States Advanced Liquid Metal Cooled Reactor
(ALMR) program sponsored by the Department of Energy are: the ALMR plant
design program at General Electric based on the PRISM (Power Reactor
Innovative Small Module) concept, and die Integral Fast Reactor program (IFR)
at Argonne National Laboratory (ANL). The goal of the U.S. program is to
produce a standard, commercial ALMRT including the associated fuel cycle. The
paper addresses the status of the IFR program, the ALMR program and the
interaction of the ALMR program with die regulatory environment.

INTRODUCTION

The top-level objectives of the U.S. fast reactor program remain safe and licensable reactor
designs obtained without unnecessary cost penalty. Major changes in the U.S. program have
occurred since the termination of the Clinch River Breeder Project in the early 198QTs.
Signiflcant events over the last several years in the U.S. have included:

L Emergence of die Integral Fast Reactor1 (IFR) concept developed at Argonne
National Laboratory as a prominent element in LMR technology development in
the U.S. Utilization of a pool-type primary system, metal fuel, and sodium
coolant in the IFR concept have had a major impact on the safety research and
development in the U.S.

"This work was performed under the auspices of the U. S. Department of Energy under Contract
No. W-31-109-ENG-38.
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2. Completion of pre-application licensing reviews of the General Electric Power
Reactor Innovative Small Module2 (PRISM) and the Rockwell International
Sodium Advanced Fast Reactor (SAFR) by the NRC. A draft Safety Evaluation
Report was issued for the PRISM concept in September, 1989 by the NRC.3

3. Completion by General Electric of the amendments to the Preliminary Safety
Information Document to address all 18 issues raised by NRC in their draft Safety
Evaluation: Report in June 1990.

4. Completion of major test programs on passive decay heat removal and on seismic
isolation.

5. Recognition of the actinide burning capabilities of the LMR as an significant
factor ia the overall safety of nuclear power.

In each of die above areas we will report the status, the achievements and the future direction.
Considerable additional detail can be obtained from the references.

INTEGRAL FAST REACTOR AT ANL

The Integral Fast Reactor (IFR) is an advanced liquid-metal-cooled reactor concept being
developed at Argonne National Laboratory. The two major goals of the IFR program are
improved economics and enhanced safety. The IFR program is specifically responsible for the
Irradiation performance, advanced core design methodology, safety analysis and testing, and
development of the fuel cycle (including the fuel cyde facility) for metal fuel for the U.S.
Department of Energy Advanced liquid Metal Reactor Program. The basic elements of the IFR
concept are: (I) metallic fuel, (2) liquid sodium cooling, (3) modular, pool-type reactor
configuration, (4) an integral fuel cycle, based upon pyro-metallurgical processing and injection-
cast fuel fabrication, with the fuel cycle facility collocated if so desired.

In the IFR concept, the liquid sodium coolant operates at atmospheric pressure, and maintains
a design point margin to boiling greater than 400K (700°F). This eliminates the need for a
pressurized primary system and the associated thick-walled pressure vessels. With its high
thermal conductivity and specific heat capacity, liquid metal cooling enables the IFR to operate
at decay heat levels in natural circulation, without the need for forced flow. liquid metal
cooling permits a compact core configuration that complements the neutronic advantages of metal
fuel and an enhanced fast neutron energy spectrum. These response characteristics are achieved
by use of inherent mechanisms, hydraulic, and neutronic reactor system properties, which are
determined by the choice and arrangement of reactor materials.

The most significant safety aspects of the IFR program result from its unique fuel design. A
ternary alloy of uranium, plutonium, and zirconium, developed at Argonne, is based on
experience gained through more than 25 years of the EBR-H reactor operation with a uranium
alloy metallic fuel.



The IFR safety approach capitalizes on the characteristics of metallic fuels and of pool-type
liquid metal reactors to provide enhanced safety margins. The fundamental safety approach
guiding the IFR program and its application in the ALMR design is:

1. A simple, economic, high quality fuel system must be developed which will allow normal
operation of reprocessed fuel with minimal fuel failures.

2. The metallic fuel system must be tolerant of fuel failures and local faults.

3. The reactor design must be such that for any system failure, including those in the
balance of plant, no active systems have to operate to maintain the reactor in a safe state.

4. Even though the reactor can achieve passive shutdown for any system failure, the reactor
should be provided with redundant and diverse safety grade shutdown systems.

5. The reactor should be provided with redundant and diverse decay beat removal systems
designed such that at least one of them would be able to remove decay heat considering
a full range of events such as a large secondary-side sodium fire.

6. To provide a level of safely consistent with the high level of safety achieved for
protection from internal events, the reactor should be designed for a low level of risk
from external events, Le.T earthquakes.

7. To provide defense-in-depth, the reactor/containment design must include features to
mitigate the consequences of core melt accidents.

8. The LMR fuel cycle design and reduction of the long term LMR waste problem by
actinide recycle must be an integral part of the safety posture in reducing risk from IFR

operations.

9. The fuel cycle design must be responsive to the U.S. goals for proliferation resistance.

Major advances by the EFR program are as follows:

Increased Burnup - Fuel elements of U-19Pu-10Zr in HT9 (ferritic) and D9 clad have been
irradiated in EBR-II to 17.7 at.% and 18.4 at.% burnup, respectively as of June 1991.

Testing of Metal Fuel Pins in tt'lt - Three subassemblies of metal fuel with an active fuel
column of 0.91 m (36 in.) arc currently under irradiation in FFTF and a fourth assembly, IFR-1,
was discharged and is undergoing post-test examination. Burnups have reached 12.1 aL% and
10 at. % for the ferritic clad (HT9) and austenitic clad (D9) pins, respectively.

Fnet-Ciad Compatibility - Metallic fuels can interact metallurgically with iron-based cladding
materials. During normal operation, the solid-state inter-diffusion is roughly equivalent to the
wastage in ceramic pins due to fission product attack. Two major out-of-pile test programs on
irradiated fuel are underway at ANL to investigate the impact of fuel-clad eutectics. They are
the Fuel Behavior Test Apparatus (FBTA)* and the Whole Pin Furnace (WPF) Tests.5 The



FBTA apparatus tests a short segment (-1 cm) of an irradiated element to determine the cladding
penetration by the fuel clad eutectic. The WPF program can test the combined effects of clad
thinning, eutectic penetration, and fission gas loading upon clad integrity on elements irradiated
InEBR-IL The results of the data indicate very low rates of penetration at 800 C. The results
indicate that during transient hearing, cladding penetration by liquid fuel-cladding eutectic can
contribute to cladding failure only by thinning the wall.

Ran Beyond Clad Breach Experience - Six Run Beyond Clad Breach fltBCB) experiments with
predefected metal fuel (predefected by clad thinning) have been completed with breach time of
up to 223 days without observable fuel loss or opening of the breach site. Post test inspection
indicated a pin hole defect in the pre-thinned area. A natural breach in the fuel column of an
aggressively-designed (low plenum volume) fuel element (U-19Pu-10Zr/D9) has been observed
at 16.8 at. % burnup with similar breach behavior. Ternary-alloy fuel with natural breaches have
operated for up to 35 days without deterioration of the breach site.'

Transient TREAT Reactor Testing of Metal Fact - Six experiments have been performed in
the TREAT transient reactor to determine margins to fuel pin failure, failure location, associated
mechanisms and consequences and to characterize pre- and post-failure fuel relocation in a
overpower transients. Three tests (M2, M3, and M4) were carried out using EBR-II driver fuel
pins with TJ-5 Fissiura fuel. Three similar transient overpower tests (M5, M6, and M7) have
been performed, using five D9-clad U-I9Pu-I0Zr fuel pins with burnups up to 10 at. % and one
low-burnup HT9-cIad U-lOZr fuel pin. Two of the ternary fuel pins were tested to failure.
Additional TREAT tests will be performed to expand the database for IFR reference fuels with
various cladding types to higher burnups. The general results of the tests7 are that metal fuel
has a large margin to pin failure (about 4 times nominal power in an 8 second period overpower
transient), with significant molten fuel extrusion into the plenum region (a significant negative
reactivity contribution). A seventh experiment, MS. has been initiated this last year with
initiation of calibration tests in TREAT.

EBR-II Core Conversion to IFR Prototype Fuel - The EBR-II core has been full converted
to IFR prototype U-IOZr fuel. Upon completion of the Fuel Cycle Facility die EBR-II fuel will
be converted to lT-20Pu-I0Zr fuel in HT9 clad.

Anticipated Transients Without Scram/Core Melt Prevention - Metal fuel, with its Mgh
thermal conductivity, low stored Doppler, and high breeding potential allows the design of a
reactor with the passive response to anticipated transients with scram. Accomplishments in this
area include:

a. Twelve years of thermal-hydraulic testing at EBR-II culminated in April 1986,
with the completion of the Inherent Safety Demonstration Test series.* The results
provided a prototypic demonstration of the inherent safety features of the IFR
concept. These features include: (1) passive removal of decay heat by natural
circulation, (2) passive reactor shutdown in an unprotected (i.e. without scram)
Ioss-of-heat-sink accident. These tests are to be repeated in 1995 with reprocessed
IFR fuel in the reactor.



b. Extensive development and validation of the SASSYS code system' has been
completed with special emphasis upon the radial expansion modeling. The EBR-II
and FFTF plant testing where integral parts in the validation of SASSYS. Analysis
using the SASSYS code system have shown that these passive safety performance
characteristics can be achieved in a large 1300 MWe10 and also in a 600 MWe low
sodium void worth core.

Completion of a Probabilistic Risk Analysis PR A for EBR-II - Argonne National Laboratory
has completed Level I PRA for the EBR-II.11 The core damage frequency as a result of internal
events for EBR-II compares very favorably with the best of the Light Water Reactors.

Local Faults - A program is being developed to fully demonstrate the local faults tolerance of
metal fuel. The basic elements will address: a) demonstration of detectability, b) demonstration
of no fast propagation, and c) demonstration of no subassembly to subassembly propagation.

Severe Accidents - The probability of core meltdown is exceedingly remote with a metal fueled
reactor; however, despite all possible design measures taken, a theoretical possibility of core
meltdown (e.g., from complete and sudden loss of flow without scram or from complete, long-
term loss of all decay heat removal systems) remains. In meeting the NRC requirements of
defense-in-depth, both the core melt prevention and the core melt mitigation capabilities of a
reactor system must be demonstrated. Work has been initiated on the mitigation characteristics
of metal fueled LMR.

IFR Fuel Cvcle Development - The key technical elements of the IFR fuel cycle technology are
based on metallic fuel and pyroprocessing. The IFR program is developing a particularly simple
fuel cycle technology called the pyroprocessing. so named because the three key steps are
conducted at relatively high temperatures. These steps are electro-refining, used to separate the
useful fuel materials from the radioactive fission products; cathode processing, which further
purifies the metal product of electrorefming; and injection casting, which is a technology widely
used to form metals and plastics into desired shapes and is used in the IFR to form new fud
pins.

FJectrorefining is a chemical process that uses an electrical current to drive the chemical
reactions. In the electrorefiner, electricity is used to dissolve the metal fuel into molten salt and
then to transport the uranium, plutonium, and transuranics to a cathode separating mem from
the fission products which are left in the salt. This process has several advantages over other
reprocessing schemes. One key advantage is thai the higher actinides (Americium, Neptunium,
Curium) are not separated from uranium and plutonium. The higher actinides automatically
return to the reactor where, in the IFR, they fission to produce power.

Cathode processing separates the electrorefiner process fluids (i.e., salt and cadmium) from the
uranium-plutonium product. This process uses high temperatures to vaporize the cadmium and
salt and separate them before melting the uranium and plutonium into metal ingots. The salt and
cadmium are condensed, collected and recycled back to the electrorefiner.

The ingots from the cathode processor are combined with zirconium in an injection casting
furnace. The casting furnace melts the metal and injects it into molds. After cooling, the metal



is removed from the molds, inspected, and reassembled into new fuel elements which are then
bundled into fuel assemblies and transferred to the reactor.

The next major step in the IFR development program will be the full-scale pyroprocessing
demonstration to be carried out in conjunction with EBR-EL

The Rgfubtnrv Environment - The ALMR concept is also responsive to die US regulatory
environment, and to developments which aim at achieving both improved safety and simpler,
more predictable licensing of nuclear power plants. Key aspects of these regulatory matters are
the advanced nuclear power plant policy which calls for simpler, more inherent and passive
means of reactor safety: the safety goal policy which calls for negligible incremental risk to
society; and the standardization policy which establishes the basis for die certification of standard
designs. In addition, it is also a design goal that the potential accidental radioactive release
probabilities and characteristics be such that offsite evacuation exercises and early waming not
be required.

Advanced Nuclear Power Plant Policy - The U.S. Nuclear Regulatory Commission (NRQ
established a policy on Advanced Nuclear Power Plants.13 This policy encourages interaction
between the designers of advanced concepts and the NRC at early stages of the design process.
The policy states that advanced reactors should provide at least the same degree of protection
of the public and the environment that is required for current reactors, and that advanced
reactors are expected to provide enhanced margins of safety. The following desirable
characteristics are suggested in the policy for advanced reactors.

• Highly reliable, less complex shutdown and decay heat removal systems; use of
natural, or passive means are encouraged.

• Longer time constants to allow more time before reaching safety system activation.

• Simplified safety systems, reduced requirements for operator actions.

• Reduced potential for severe accidents and consequences by passive safety,
reliability, redundancy, diversity and independence in safety systems.

• Reliable equipment in the balance of plant, or safety system independence from die
balance of plant, to reduce challenges to the safety system.

• Easily maintainable equipment and corr^onents.

• Reduced radiation exposure to plant personnel.

• Defense-in-depdi by multiple barriers to radiation release and by reducing the
potential for and consequences of severe accidents.

• Features based on existing technology or which can be established by development
programs.



Safety Goal Policy

A policy on Safety Goals has also been established by the NRC.14 The central principle of this
policy is that the risk posed by nuclear power plants to the neighboring population should not
exceed one tenth of one percent of the accidental fatality and cancer risk resulting from all other
causes, and thus represent not a significant additional risk. The specific implementation of this
policy has not yet been established by the NRC; however, the Advisory Committee for Reactor
Safeguards (ACRS) has made its recommendations on this subject15 The ACRS recommends
as a general guideline that the likelihood of a large radiation release be less than 10* per reactor
year. The ACRS also recommends separate guidelines for prevention of severe core damage
and for mitigation, implying that some miugative capability be required even if the safety goal
is shown to be met by preventative means alone. The recommended guideline for mitigation is
a minimum of less than one chance in ten for a large radiation release for the entire family of
core melt scenarios.

Standardisation

In view of the serious difficulties and delays experienced in the nuclear power plant licensing
process in the US, there has been a general agreement that the U.S. licensing process requires
reform and that a key ingredient is the certification of standard plant designs. The NRC has
recently completed a new regulation titled Early Site Permits; Standard Design Certifications;
and Combined Licenses for Nuclear Power Plants (Code of Federal Regulations Title 10, Part
52). This regulation establishes the process for standard plant design certification. For new
designs, which differ significantly, from the established light water cooled reactor technologies,
operation of a fall size prototype may be required. The first commercial plant, licensed through
the conventional licensing process, could serve the role of the prototype. Certification of the
design by the NRC will allow construction of the plant with additional licensing review limited
to site characteristics and Quality Assurance. The light Water Reactors are leading the way
through the certification process with the NRC. Considerable difficulty is being experienced by
the reactor vendors in meeting NRC's requirements on level of design completeness.

Evacuation Planning

A major contributor to regulatory delays in the U.S. has been emergency planning. Particularly
troublesome aspects have been the detailed offsite evacuation plans and exercises, involving
numerous local agencies, and the provisions for rapidly alerting the neighboring population to
prepare for evacuation. It is generally agreed that on-site emergency planning is prudent, and
also that provisions for off-site actions, such as communication links with certain local agencies
are reasonable. However, the situation could be much simplified if requirements for detailed
off-site evacuation plans and exercises and provisions for early warnings, such as sirens, whose
function is clearly understood by the public, could be eliminated. While the NRC has not
reached a formal position on this subject, the NRC Staff has proposed to consider eliminating
the troublesome aspects mentioned above if the plant meets certain criteria." The NRC Staff
proposes that these criteria be that the lewer level Protective Action Guidelines (1 REM whole
body, 5 REM thyroid) not be exceeded at the site boundary for 36 hours after the initiation of
specified design basis and beyond design basis events, and that the overall probability of
exceeding these limits be less than 10* per year considering all accident events.



Initial ALMR Regulatory Review

An important aspect of the ALMR development is the review by the U.S. Nuclear Regulatory
Commission (NRC). Such interaction has been an integral part of the ALMR program plan in
the form of regulatory review cycles, starting at the conceptual design stage. The first review
cycle was accomplished during 1987 through 1989. The second review cycle is now under way,
and is expected to be completed in 1992.

The completed, first-round safety evaluations by NRC Staff3 and by the Advisory Committee on
Reactor Safeguards (ACRS),17 based on the 1986-1987 PRISM design, were completed in 1989.
They found that the design is responsive to the NRC's advanced reactor policy, and that the
design provides passive, natural and other desirable features enhancing the safety of the power
plant. They cited the following favorable attributes:

• Potential for only minor core damage and fission product release for many severe
challenges to the plant.

• Reduced dependence on human actions and reduced vulnerability to human error.

• Long response time under many accident conditions.

• Capability to demonstrate by test significant plant safety features and performance
over a wide range of events.

• Results of independent analyses by Brookhaven National Laboratory (BNL), which
indicate good agreement with the performance predicted by the design team.

Issues and Concerns - As expected from any safety evaluation, and particularly from an initial,
first-round evaluation, a number of issues and concerns were identified by the reviewers. The
most significant issues raised were:

• The unconventional containment concept used in the design; that is, the absence
of a separate strong, pressure and temperature resistant containment structure
completely surrounding the primary system as additional protection for very low
probability and unforeseen accidents.

• The potential for certain accident scenarios, including flow blockage and positive
sodium void effect scenarios, to lead to significant fuel damage and core disruption
for which mitigative capability was not explicitly shown.

These issues were raised as a result of the original approach used in the 1986-1987 design. That
approach emphasized core damage prevention, showing that inherent reactivity effects and
passive decay heat removal reduced the probability of sodium boiling and fuel melting to a level
sufficiently low to meet the NRC safety goals by core damage prevention alone; that is, that the
probability of significant core damage and radiological release is less than 10E-6 per year. The
vessel closure head served as both the primary system and containment boundaries, and specific
analyses were not made of potential impact on the primary system and containment boundaries

8



by core energetic events or molten fuel movement. Such severe events were considered only
in the probabilistic risk assessment, and only in a simplified manner.

Response to Issues and Concerns - During the continuing advanced conceptual design effort,
after the completion of the first-round regulatory review, one of the major tasks has been to
respond to the issues raised. A primary study performed at this time shows that reducing the
positive sodium void reactivity effect, in order to reduce the potential for core energetic events,
introduces other undesirable safety effects as well as increased costs. Therefore, the approach
taken has been to show that the probability of energetic events is extremely low, and the
consequences are tolerable if energetic events do occur. Based on this approach, the major
design changes made during 1989 and 1990 in response to the initial safety review are the
following:

• Strengthened the core support and vessel head penetration structures to contain
severe core disruptive energetic events.

• Added a low leakage, pressure retaining containment dome above the vessel head
which, with the containment guard vessel, provides a complete containment
boundary surrounding the primary system.

• Added single isolation valves on each of the secondary sodium lines immediately
outside the containment boundary.

• Added a diverse reactivity shutdown device, using boron balls, at the center core
position capable of achieving cold shutdown.

• Added three gas expansion modules at the core periphery for additional negative
reactivity margin in loss of flow events.

• Added mechanical, adjustable rod withdrawal limiters to restrict reactivity addition
if the automatic control system fails.

• Increased the seismic design basis from 0.3g to 0.5g peak ground acceleration for
additional structural margins.

• Strengthened and relocated the control building to inside the high security
boundary to increase protection of the operators.

Continuing discussions with the NRC suggest that the design changes and additional analyses
performed have alleviated most of the major conceptual and philosophical concerns. Current
issues being pursued by the regulators are multi-module control, a non-IE control room which
is a direct result of the separation of the Class IE safety systems from the non-IE control
systems, development status and programs for the seismic isolators, and development status and
program for the metal fuel. A series of on-going meetings are being held to resolve these
issues.
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