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ABSTRACT

Many, if not most, of the world's commercial nuclear power plants have been the
subject of plant-specific probabilistic safety assessments (PSA). A growing number of other
nuclear facilities as well as other types of industrial installations have been the focus of
plant-specific PSAs. Such studies have provided valuable information concerning the nature
of the risk of the individual facility and have been used to identify opportunities to manage
that risk. This paper explores the risk management activities associated with two research
reactors in the United States as a demonstration of the versatility of the use of PSA to
support risk-related decision making.

INTRODUCTION

The use of probabilistic safety assessment techniques to support design decisions at two
special-purpose nuclear reactors is explored. The two research reactors considered are the
High Flux Isotope Reactor (HFIR) and the Advanced Neutron Source (ANS). The HFIR
is operating at the Oak Ridge National Laboratory (ORNL), and the ANS is planned to be
constructed at Oak Ridge. The versatility of the use of PSA to support decision making is
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demonstrated by its application to these two facilities, which are in two very different stages
of life.

HFIR: AN EXISTING RESEARCH REACTOR

The first example involves the use of PSA in finalizing the design of modifications that
were proposed to address a specific class of postulated scenarios at the HFIR, an existing
research reactor. The class of scenarios of concern involved overpressurizaiion or
overcooling of a radiation-embrittled vessel.

The HFIR is an 85-MW flux trap reactor that has operated for over 20 years. The
peak thermal flux in the flux trap is 5 x 1015 n/cm2-sec. The core (17.5 inches in diameter
and 24 inches in height) is contained in an 8-foot-diameter pressure vessel that is about
19 feet in height. In 1986, the HFIR was shut down due to vessel embrittiement concerns.
Uncertainty existed about whether embrittiement of the pressure vessel had progressed too
far to support continued safe operation. These concerns were addressed through a
probabilistic fracture mechanics analysis.1 Prior to restarting the reactor, virtually every
safety aspect of the operation of HFIR was reviewed. The HFIR Probabilistic Risk
Assessment was one of the safety analyses conducted prior to restart. The HFIR PRA was
used to refine proposed design changes as well as to identify additional opportunities for
safety enhancement.

To lessen the likelihood of overpressurization and overcooling of the pressure vessel,
design changes were proposed to trip the main secondary pumps in response to a reactor
scram and to install emergency depressurization capability. Tripping the secondary pumps
would prevent overcooling, while the emergency depressurization valves would provide an
additional line of defense by depressurizing the vessel on sensed low inlet temperature.

The original concept for tripping the secondary pumps included the automatic starting
of a single, small standby secondary pump. This small secondary pump would provide a
measure of cooling to the heat exchangers and, in addition, continue to provide cooling to
the primary pump upper motor bearings (one of the functions of the secondary cooling
system). If secondary cooling flow is lost, a single annunciator alarms in the control room
to alert the operators. At the time, the existing procedures told the operators to identify the
one pump experiencing high upper bearing temperature and to shut down that one pump.
The procedures, written prior to the proposed design modification, did not explicitly
consider the possibility that a single event such as the failure of the standby secondary
pump to start could cause the upper bearings for all three running primary pumps to
overheat. Information from the pump manufacturer indicated that bearing damage would
occur if the pumps were not tripped within several minutes.

Early results of the PSA indicated that failure of the standby secondary pump followed
by failure of the operators to trip the primary pumps, even with enhanced training and
procedures, was a significant contributor to core damage frequency. In fact, such scenarios
were about one-quarter of the total core damage frequency from internal events. Plant
engineers and operators revisited the proposed design change following the interim PSA
results and identified a simple change that virtually eliminated this family of scenarios. A
direct trip of the primary pump motors on high upper motor bearing temperature was
installed.

The proposed air-operated emergency depressurization valves were to "fail open" on
loss of instrument air. This is certainly the "safe" mode if only vessel embrittiement is to
be considered. The HFIR is, however, rather sensitive to pressure changes due, in part, to
the fact that its primary system is "water solid." Rapid pressure changes could impact the
fuel/coolant heat transfer process as the critical heat flux decreases with lower pressures.



The original design of the emergency depressurization system would have resulted in a loss
of instrument air event to initiate effectively a small LOCA.

The PSA was used to consider the two alternatives (fail open or fail closed) for the
final design of the emergency depressurization valves. The results clearly indicated that the
"fail closed" alternative was the preferred choice.

The HFIR PRA also identified other opportunities for safety enhancement. The
addition, for example, of a check valve in a pool cleanup line was identified as an effective
way to prevent a loss of the ultimate heat sink during moderate-to-strong earthquakes. The
very closely spaced nature of the fuel plates makes flow blockage events a concern. The
PSA identified the potential blockage scenarios, which, in turn, were used to make physical
and procedural changes in the plant to lower the likelihood of blockage.

ANS: A RESEARCH REACTOR IN THE ADVANCED CONCEPTUAL
DESIGN PHASE

The Advanced Neutron Source (ANS) reactor, proposed for construction at ORNL, is
being designed to be the most intense source of continuous thermal and sub-thermal
neutrons currently in existence. The ANS, which may replace HFIR, will produce a peak
thermal flux greater than 8 x 1015 n/cm2-sec and operate at 330 MW.

Although the ANS resembles the HFIR in that it uses closely spaced, plate-type, highly
enriched fuel elements, the ANS contains many design features that the HFIR does not.
The ANS will contain two liquid deuterium cold sources and a hot source to provide long
wavelength or short wavelength neutrons, respectively. The ANS uses heavy water for
primary cooling and moderation and light water for secondary and component cooling. The
ANS has a full containment, whereas the HFIR uses a confinement strategy. Most
interesting, the ANS has a number of passive safety design features. These include natural
circulation cooling capabilities, passive accumulators on the hot legs of each primary loop
to lessen the impact of a loss of coolant or loss of pressure control, water-filled cells around
much of the primary and reflector cooling piping to lessen the impact of breaks within these
cells, and limited volume air cells around piping to limit the amount of water lost for
specific breaks. Active safety enhancements include redundant power sources with fast
transfer capability and redundant and diverse scram systems.

The results of a PSA were recently published based on the conceptual design of the
ANS. This PSA was restricted in scope and is considered a "limited-scope" or "Phase 1"
PSA. As such, it takes a broad look at the scenarios that comprise the risk of fuel damage
at ANS. A limited-scope PSA typically makes simplifying conservative assumptions and
considers only a limited amount of "recovery" actions to refine the results. A limited-scope
PSA can provide significant insights with a fraction of the effort of a full-scope PSA and,
at the same time, can provide a focused basis for a future extension to a full-scope PSA.

The Phase I Level I PSA of the ANS conceptual design examines the contribution to
plant risk and unavailability from internal event initiators. The primary goal of the PSA
was to determine approximation of the core damage frequency and to show if the proposed
core melt risk limitation conceptual design goal of 1 x 10 events resulting in core damage
per year could be met with the existing conceptual piant configuration. A secondary goal
stems from the ability to accorp.piish the first goal. This secondary goal was to identify
areas in the design that contribute significantly to plant risk and/or unavailability.

The top five contributors to fuel damage in percent of the total estimated mean core
damage frequency are as follows:

Flow Blockage 83%
Undetected Defective Fuel 26%
Large LOCA Near Core 0.5%



ATWS < < 0.5%
Station Blackout < < 0.5%
The only significant contributors to the plant risk are flow blockage and a large loss

of coolant accident very near the core. The lack of impact from other potential contributors
is attributable to the many redundancies and safety features in the plant design. For most
transients, the only requirements for successful mitigation are (1) a reactor scram by one
of the two redundant and diverse scram systems, and (2) at least one primary flow path
available for natural circulation cooling. The results of the sequence quantification indicate
that the core damage frequency goal of less than 1 x 10"5 per year may not be met with the
conceptual design, due to reasons not directly related to the systems design. Therefore,
efforts are focusing on ways to decrease the estimated likelihood of flow blockage scenarios
and evaluating the cost-risk benefit of some of the redundant systems. The current flow
blockage and undetected defective fuel models are based largely on the HFIR PSA. A
plant-specific review of the ANS flow blockage frequency is now underway. Various
availability studies, some of which are discussed below, are also being performed to address
RAM issues and to optimize design and cost.

The purpose of an ANS Three versus Four Loop Study was to evaluate the
unavailability of power operation due to two specific alternative plant designs: (1) the four
33.3% capacity loop conceptual design where one loop is maintained in standby during
plant operation, and (2) a four 25% capacity loop design where all loops are operating at
the same time. Fault tree methodology similar to that used in the ANS PSA was used to
model each configuration. Time-dependent availabilities were calculated using
BRAVO 2.04 from JBF Associates, Inc., and failure data from the ANS PRA. Repair times
were taken from Reference 5 but were adjusted upward to allow for xenon poisoning as
specified below.

In this ORNL study, fault tree models for each design option questioned the response
to loss of a single loop and considered the likelihood of multiple-loop failures. Due to
modeling complexities, the four 33% loop fault tree modeled the availability of only
100% power operation, whereas the four 25% loop tree modeled availability of power
operation at either 100% or at reduced power (approximately 80%). Because of the short
time before xenon poisoning prevents startup and the length of time required to repair a
scram-producing failure, the repair time, unavailability determination was postulated to have
a minimum value of 3 days to allow for xenon decay prior to restart. The results of the
model quantification indicated that, from the standpoint of unavailability
(0.015 versus 0.025), unreliability (0.78 versus 0.92), and expected number of failures
(1.5 versus 2.5), the four 33.3% loop design is preferable to the four 25% loop design.

A second availability study was performed by Reliability and Performance Associates
(RAPA) based on the analysis framework provided by the ANS PSA. This study examined
the possible plant operating scenarios for each cooling configuration based on loop
availability using a success state matrix. The RAPA analysis examined HFIR operating data
for the main cooling pumps from May 1990 until June 1993 to obtain loop availabilities for
the HFIR primary system. Using this data in combination with simple reliability equations
for the loop configuration, the outcome was that, as loop availability decreases, the time
spent at power levels below full power increased greatly for the four 25% loop design over
the four 33% loop design, primarily due to the opportunity to maintain full power using the
spare loop with the later design.

Both studies indicate that high availability can be obtained with either system.
However, as unavailability increases, the time spent at less than full power or shutdown
greatly increases with the four 25% loop design, while there is only a modest increase with
the four 33% loop design. Given that the four 33% loop results reflect 100% power
operation, the basis exists for maintaining this design.



An additional study is being conducted by ORNL and RAP A to investigate the
contribution of the cold neutron source to plant unavailability. Preliminary results suggest
that, with the current design, unanticipated scrams based on monitored cold source
parameters may preclude the plant from reaching its conceptual design availability goal
of 80%.

The ANS PSA and its ancillary unavailability analyses show great potential to identify
sources of risk and unavailability, as well as to identify and quantify the effects of candidate
plant design changes.

OBSERVATIONS

The results of the application of PSA techniques to two different facilities have been
summarized. The first facility was a nuclear reactor with an extensive operating history that
was undergoing extensive safety enhancements and review. The second facility was also
a nuclear reactor that incorporates several new concepts and is in the advanced conceptual
design stage. In both cases, PSA provided a meaningful framework to identify and measure
the safety impact of potential changes.
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