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1. INTRODUCTION

1. Introduction
1.1 Background
In June 1996, PLG, Inc., initiated a probabilistic safety assessment (PSA) on behalf of the
Department of Industry, Science and Tourism (DIST) to systematically evaluate the safety of the
High Flux Australian Reactor (HIFAR) at Lucas Heights, New South Wales. Princeton
Resource Associates served as a subcontractor to PLG.
HIFAR is a multi-purpose research and isotope production reactor similar to three built in the
United Kingdom (the DIDO-class materials test reactors) and FRJ-2 and DR-3 still operating in
Germany and Denmark, respectively. The reactor comprises a small core of highly enriched
fuel, moderated, reflected, and cooled by heavy water, contained in an aluminium tank and
surrounded by a further reflector of graphite. These are contained in and supported by a steel
tank, which in turn is surrounded by thermal and biological shields.
HIFAR is owned and operated by the Australian Nuclear Science and Technology Organization
(ANSTO). It is located at Lucas Heights, New South Wales. Construction of HIFAR
commenced in 1956 and the reactor first went critical in 1958.
The safety of HIFAR is monitored and reviewed by the Nuclear Safety Bureau, a statutory
authority established under the ANSTO Amendment Act 1992, and which is responsible to the
Department of Health and Family Services.
In 1993, the Commonwealth Government commissioned a review of Australia's research reactor
capability, including among other things HIFAR's remaining useful life.
Several conclusions of the resulting report, the Research Reactor Review (RRR) Report,
concerned a probabilistic risk assessment:
"No evidence has been placed before the Review establishing a realistic outer
limit on the life of the present reactor. A Probabilistic Risk Assessment (PRA) is
essential to assess the remaining life possibilities of HIFAR."
"As a consequence of the PRA, both the technical feasibility and costs of HIFAR
upgrade possibilities would be established."
Despite many submissions questioning the safety and health aspects of the
operation of HIFAR, the evidence strongly supports the view that HIFAR
operates safely by an adequate safety margin, well within international safety
standards. The PRA proposed to ascertain its remaining life will provide
additional assessments of safety margins."
In November 1993, the Government announced that is broadly accepted the findings of the RRR.
The Government accepted the recommendation of the RRR to institute a probabilistic risk

\DISTAREPORT\SECT l.DOC.01/15/98

1-1

assessment to ascertain the remaining life of HEFAR and to address further concerns among
some sections of the public about the safety of the reactor.
Funding for the risk assessment, now referred to as a probabilistic safety assessment (PSA) in
accordance with International Atomic Energy Agency (IAEA) terminology, was provided in the
1995-1996 Commonwealth Budget. The Industry Science and Tourism 1995-1996 Portfolio
Budget Statement reiterated the RRR recommendation that a safety assessment be undertaken to
ascertain HEFAR's remaining life and to provide additional assessments of safety margins. It
also stressed that the assessment would be independent to further reassure the public about the
reactor's safety. The Department of Industry, Science and Tourism has overall carriage for the
management of the PSA with assistance from a Technical Reference Committee (TRC).
A companion remaining life study (RLS) (Reference 1-1) evaluated the important passive
components of HIFAR that are not normally considered to be replaceable. The RLS was
performed by Failure Analysis Associates, Inc. (FaAA), which specializes in the evaluation of
the mechanical causes of failure. The RLS provided important insights into the importance of
aging mechanisms as well as mitigative actions taken by ANSTO on the safety of HTFAR.

1.2 Objectives of the Analysis
There were seven specific primary objectives of the HIFAR PSA. These were to provide:
1. A review and comparison of relevant safety criteria and recommendation of a set of
criteria against which the results and findings of the PSA can be judged.
2. An assessment of the level of safety of the plant. This assessment includes the:
a. Identification of dominate internal and external accident sequences.
b. Identification, for each accident sequence, the plant response and the success criteria
for each key safety function.
c. Identification of systems, components, and human actions important to safety.
d. Assessment of important dependencies, both system dependencies and those
associated with the man-machine interface.
e. Identification and evaluation of new safety issues.
f.

Analysis of severe accidents.

3. An assessment of the reliability and capability of active containment systems.
4. A comparison of the level of safety with the criteria identified in fulfillment of
objective 1.

\DIsmEPORT\SECT l.DOC.01/16/98

1-2

5. The specification of recommendations for accident management and changes to plant
design and operating procedures that would improve safety.
6. An examination of aging effects on the results of the PSA.
7. The provision of a "living PSA" for HIFAR

1.3 Organization of the Report
The objectives of the HIFAR PSA were met as documented in the following sections.
Section 2 clearly delineates the scope of the analysis, highlighting the key assumptions made
during the conduct of the assessment, and provides an overview of the conclusions and
recommendations. A summary comparison of the analysis results with the proposed safety
objectives is found in this section. More detailed results can be found in Section 10 as well as
Appendix G.
Section 3 provides an integrated presentation of the methodology followed in the analysis.
Section 4 provides a description of the facility as well as an evaluation of the internal plant
hazards. This section includes a description of the sources of radioactive material that were
evaluated, a description of the various plant configurations and activities associated with the
onsite transport and storage of fuel, a description of the Level 1+ scenario end states that
describe the extent of fuel damage or tritium release along with the status of the active
containment systems, and the evaluations of the internal plant initiating events and plant safety
functions. Details of the estimation of the frequency of leaks at HEFAR are found in
Appendix F.
Section 5 presents a detailed description of the scenarios that depict the plant and operator
response to the internal initiating events. This section also provides the quantitative results of
the evaluation of the frequency of the internal event scenarios. The results of the internal event
risk models are compared against the proposed safety objectives in this section. Several specific
engineering analyses were concluded to be necessary in order to confirm or establish key
analysis assumptions in the development of the plant response models. These analyses are
documented in Appendix D.
Section 6 presents the evaluation of the impact of external events on the safety of HIFAR. The
section begins with a systematic identification of external events potentially applicable to
HIFAR and continues with a spatial interactions analysis. Quantitative assessments of the
impact on plant safety from those events identified as potentially important to safety are also
included in this section. The results of the external event risk models are compared with the
proposed safety objectives in this section. Supporting information can be found in Appendix A
for the seismic analysis and in Appendix B for selected other external hazards.
Section 7 documents the system dependencies and contains summary information of the plant
systems. Detailed system analysis results can be found in Appendix C.
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Section 8 presents the hardware data used in the plant response models as well as summarizes the
data analyses performed in support of the PSA.
Section 9 documents the assessment of the performance of the human actions that were identified
as part of the scenarios. Supporting details of the human performance assessment can be found
in Appendix E.
Section 10 contains the results interpretation and assessment of plant aging on the PSA results.
This section also describes a framework proposing a comprehensive set of relevant safety
objectives. The results of selected sensitivity analyses are also provided in this section.

1.4 Quality Assurance
The analysts performing this PSA had the benefit of comments supplied by a Technical
Reference Committee (TRC) established by DIST. The TRC reviewed draft material supplied by
the PSA team. The PSA also benefited from comments provided by ANSTO personnel as well
as the Nuclear Safety Bureau on selected draft report sections.
DIST also obtained the services of IPERS for a 2-week intensive review. IPERS (or
"International Peer Review Service") is managed by the International Atomic Energy Agency
(IAEA). An IPERS team typically is composed of one IAEA expert and several independent
subject area experts who address the many disciplines required for a PSA, including risk
assessment methods and applications at other nuclear facilities.
In addition, the PSA took advantage of guidance and insights offered by an Executive Oversight
Committee established by PLG. This committee was comprised of two senior PLG officers,
Drs. B. John Garrick, PLG Chairman of the Board, and Theodore U. Marston, PLG President,
and Mr. Francis C. Fogarty. Dr. Garrick is a well know pioneer in the advancement and
application of PSA in risk evaluation and management. He also brought to the committee
extensive experience in the evaluation of test and material reactors. Mr. Fogarty's long
experience in the management and operation of the Advanced Test Reactor also proved to be
very valuable to the analysis team.
The PSA was conducted under the guidelines specified by the PLG Quality Assurance Program
(Reference 1-2). This program requires, among other actions, for each project deliverable to
undergo an independent technical review. This program has been extensively reviewed and
audited, and independently certified (Reference 1-3).

1.5 References
1-1. Foulds, J. R., S. Srivastav, E. L. Kennedy, and L. E. Eiselstein, "Remaining Life Study of
the High Flux Australian Reactor," Failure Analysis Associates, Inc., SF-R-96-10-42,
14 February 1997.
1-2. PLG, Inc., "Quality Assurance Program," PLG-0200,1997.
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1-3. Letter from M. C. Freund, Pacific Gas and Electric Company, to W. C. Gekler, PLG,
"PLG, Inc., Audit Closure," 10 November 1995. (PG&E acted as the lead utility for this
NUPIC audit.)
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2. SUMMARY AND CONCLUSIONS

2. Summary and Conclusions
2.1 Scope of Analysis
To understand the HIFAR PSA results in the proper perspective, it is first necessary to
understand the scope of the safety analysis performed. In the performance of a PSA of a
complex system, it is necessary along the way to make assumptions concerning the level of
detail to be considered in the analysis so that the study can reach closure. Such assumptions are
required to enable the study team to represent the complexities of the real world by idealized
mathematical models. To a great extent, simplifying assumptions are made to reduce the
complexities to manageable levels.
To ensure that such assumptions do not adversely impact the conclusions of the study, the study
team chose conservative (that is, pessimistic) assumptions when preparing the models of plant
response to safety challenges. This is a common practice in developing a PSA. If the risk
limiting model elements of a PSA and the study's major conclusions are later found to be
attributable to unrealistically conservative assumptions, additional work to relax the conservative
assumptions can be undertaken. During the initial study, the study team strove to put more detail
into areas judged to be most risk limiting, and correspondingly less in areas judged to be
relatively less important.
For the HIFAR PSA, three major assumptions as to the scope of the analysis were established by
the Department of Industry Science and Tourism (DIST) as ground rules for the study. The
study is limited to the consideration of accidental releases from nuclear fuel used at HIFAR, and
of tritium releases from coolants used in the irradiation and storage of the nuclear fuel. Potential
releases from irradiated targets both while in the reactor and during handling after irradiation are
specifically excluded.
A second assumption involves the end point of the accident sequence models developed. PSAs
of nuclear plants are often defined as Level 1, Level 2, or Level 3 PSAs.
A Level 1 PSA develops the accident sequence models to the point of determining for each
particular accident sequence whether fuel damage occurs and at what frequency. The larger
question of determining the response of plant systems to contain the damaged fuel and
radioactive material is not addressed.
A Level 2 PSA develops the accident sequence models to the point of determining if there is fuel
damage but also categorizes the accident sequences by the amount of radioactive material
released to the environment. The sequences developed for a Level 2 PSA include consideration
of those engineered plant systems that act to limit the amount of radiation release. These
expanded sequence models also answer key questions as to whether the mitigating systems
successfully perform their intended functions under accident conditions. The answers to these
latter questions can require the development of detailed thermal-hydraulics models to simulate
the behavior of damaged fuel and its impact of plant components. A Level 2 analysis also
considers the long-term behavior of the reactor containment building assuming it is subjected to
a fuel damage accident sequence, which may lead to increases in RCB temperatures, pressures,
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and to the potential release of noncondensible gases, possibly including combustible gases. Such
an expanded effort requires a structural assessment of the RCB to determine its likely failure
pressure, and time-dependent models to track the transport and decay of radioactivity from the
damaged fuel.
A Level 3 PSA includes the scope represented by a Level 1 and Level 2 PSA but also considers
the impacts of radioactive material releases from accident sequences on the surrounding public
and environment. Such models require an explicit treatment of variable weather conditions and
models to predict the health impact of time-dependent radiation doses on people.
For HIFAR, it was decided to initially develop the accident sequence models to a state herein
referred to as a Level 1+ PSA. This is a Level 1 PSA but with the added consideration of the
reliability of engineered systems that may act to limit the amount of release in any accident.
This is a logical break point in the analysis because the reliability models developed for both the
preventive and mitigative engineered systems utilize the same engineering techniques.
The Level 1+ accident sequence models for HIFAR distinguish not only if fuel damage occurs or
if substantial quantities of tritium are released but also identify the status of engineered systems
that may act to mitigate the release. Additionally, the sequences are grouped into similar
accident classes by the amount of fuel damaged, or tritium released, and by the initial radioactive
material release paths that may be followed; e.g., release to the heavy water plant room, to the
RCB basement, or directly to the environment bypassing the RCB.
A third assumption defining the scope of the analysis is the selection of initiating events. The
HIFAR PSA considers the impacts of initiating events that affect the HIFAR nuclear fuel in all
phases of its handling, storage, and irradiation with the reactor at power. This includes the
handling and transport of fresh fuel as it is brought into the RCB, placed in the reactor,
irradiated, removed first to the No. 1 Fuel Storage Block, and then transported outside the RCB.
Handling and storage of irradiated fuel outside the RCB, including wet and dry storage and
loading for shipment offsite, is also considered.
Both internal events (e.g., transients, leaks of primary coolant, and support system faults) and
external events (e.g., earthquakes, fires, and high winds) are considered. The state of the art in
PSA, however, is not currently adequate to allow for a meaningful assessment of the risks from
sabotage. It is pointed out that the criteria identified in Section 10 for judging the acceptance of
the HIFAR PSA results was selected in large part by comparison with PSA results for other
plants that also did not consider the risks from sabotage.

2.2 Key Analysis Assumptions
In addition to the analysis scope assumptions identified in Section 2.1, more detailed modeling
assumptions were also judged to be significant and are highlighted here. These assumptions are
listed by major analysis category.
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Event Sequence Models
—

The HIFAR safety documents describe only limited results of thermal-hydraulics
calculations for accident conditions. In order to discern the time-dependent
sequence of events of HIFAR's plant response to disturbances, basic mass and
energy balances for primary coolant system temperatures and pressures were
performed and are documented in Appendix D. Such analyses can not effectively
address all issues and invariably involve simplifying assumptions; e.g., adiabatic
heatup. More detailed thermal-hydraulics models may lead to longer predicted
times for actions. They may also demonstrate the capacity of the shield cooling
system as a backup mechanism for heat removal. Currently, the event sequence
models assume that if all heavy water forced flow is lost, RAT flooding is required
for continued fuel cooling. The PSA study team believes it possible that the shield
cooling system has the capacity to limit fuel temperatures to acceptable levels under
loss of forced heavy water flow conditions. However, there is no analysis available
to substantiate this assertion, and so no credit was given for this in the sequence
models. A sensitivity analysis has shown that only a slight reduction in core
damage frequency is observed if credit is taken for the shield cooling system.

—

A key element of the HIFAR accident sequence models is the estimation of the
frequencies of different size leak rates at different locations of the HIFAR heavy
water circuit. Although significant operating experience without any substantial
leaks is now available at HIFAR and similarly designed facilities, the study team
believes it quite likely that the realistic frequency for leaks is much lower than
what can be substantiated by operating experience data alone. This is because of
the very low operating pressures, and the evidence that little if any degradation of
the primary coolant circuit has taken place. The Thomas model for estimating leak
frequencies as a function of pipe size was selected, as described in Appendix F.
The study team judgmentally adjusted the basic parameters of the Thomas model
to account for the affects of lower operating pressures. Leak frequency estimates
from smaller size pipes were estimated from experience data as described in
Appendix F.

—

During the course of the PSA information collection effort, it was discovered that
the ECCS line from scavenge pump A discharges into the RAT almost directly over
the weir line; i.e., over the overflow drain back to the main heavy water storage
tank, 1V3. This arrangement had not been appreciated earlier and therefore the
safety analysis for leaks at HIFAR had not considered the partial diversion of ECCS
makeup flow from the RAT. The weir line is limited in size, and can pass water at
only a fraction of the scavenge pump makeup capacity of 12 liters per second. The
study team assumed that the weir line could divert up to 1 liter per second from the
RAT if the train A scavenge pump were operating. Also, the study team assumed
that even for smaller size leaks (i.e., up to 0.28 liters per second), the weir line
would divert enough heavy water that the operating liquid level pump would trip
off on high level in the 1V3 tank. These assumptions effectively mean that manual
intervention is required to mitigate any appreciable size leak to the heavy water
plant room.
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The current HIFAR accident procedures do not describe the actions that the
operators should take to prevent the diversion of ECCS makeup flow through the
weir line. The plant response model assumes that the operators would likely
attempt to isolate flow through the weir line by closing a manual valve in the heavy
water plant room. In the case of smaller size leaks, there should be sufficient time
available to isolate prior to diverting sufficient makeup so as to uncover the fuel.
For larger leaks (i.e., 12 liters per second and greater), the time available to isolate
is much reduced and judged likely not to be successful.
A key feature of the HIFAR design is the backup cooling system capability called
RAT flooding, which relies on mains water. This system can be manually aligned
by the operators to provide a last resort mechanism for cooling the fuel in the RAT.
The onsite mains water cooling tower has sufficient capacity to provide roughly
2 days of cooling water to HIFAR assuming the plant is shutdown. Makeup is also
provided to the water tower via three pumps in Building 4. However, with the large
water tower capacity, no electric power or other support systems are required for
successful RAT flooding. The HIFAR PSA models assume that RAT flooding
using flow from just the water tower can provide 1 liter per second of mains water
flow to the reactor top head and this alone is sufficient for decay heat removal after
reactor trip. The reliability of the RAT flooding system is controlled by the
operator actions required to align and initiate the system. The system must be
aligned both from within the RCB and from the ECR before initiation from the
ECR. For most accident sequences, the time available to perform the alignment
from within the RCB prior to evacuation dictates the assessed error rate for failing
to complete the alignment and initiate RAT flooding.
The study team reviewed the available HIFAR information to determine the
environmental limits on key plant equipment. Such limits were of particular
concern for equipment located inside the heavy water plant room, and which may
be called on to operate under heavy water leak conditions. Except for the scavenge
pumps, definitive, realistic information on the temperature limits of the pumps in
the heavy water plant room was lacking; in particular for the heavy water main and
shutdown pumps and the liquid level pumps. Also, no temperature heatup
calculations are available that predict the heavy water plant room ambient
temperature under station blackout conditions. The study team chose to assume a
bulk RAT heavy water temperature of 70°C as the effective limit for these pumps;
see Section 7.1 for additional details. The time to reach 70°C then limits the time
assumed available for recovery actions in loss of forced cooling sequences in which
recovery requires later operation of the pumps in the heavy water plant room. The
study team views the 70°C RAT, bulk heavy water temperature as realistic for the
main heavy water pumps, and possibly conservative for the heavy water shutdown
pumps. However, in the absence of additional information, the 70°C temperature
was judged to be appropriate for the base case model. It is worth noting that even at
temperatures beyond 70°C, activation of the RAT flooding system is still possible
because it does not require operation of pumps in the heavy water plant room.
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External Events
—

Substantial prior work over several years has been directed at determining the
frequency of earthquakes affecting the HIFAR site as a function of earthquake size.
An independent assessment was not attempted for this study. The base case
earthquake hazard curves for this study were instead adopted from the work by
Corran, as referenced in the HIFAR safety document. However, the PSA study
team believes that the uncertainties presented in the Corran hazard curves may be
understated. Therefore, a sensitivity case was prepared in which the uncertainties
surrounding the Corran median curve were judgmentally increased. The
uncertainties were increased to give a roughly similar spread to hazard curves
previously calculated for.low seismicity sites in the U.S. By increasing the
uncertainties in the earthquake hazard curves, the mean curve is therefore also
increased. Using the revised mean curve gives an increase in the
earthquake-initiated fuel damage frequency of less than a factor 2.

—

A second key modeling element of the earthquake analysis was the development of
probabilities of failures (or fragilities) for key HIFAR components. The fragility
curve for the shielding block/heavy water plant room was found to be limiting the
earthquake capacity of HIFAR. No new analysis was performed for this component
as part of this study. Instead, the assigned family of fragility curves was based on a
review of results from documents of past structural assessments of this structure.
These earlier works concluded that the reactor shielding block/heavy water plant
room would qualify for a 0.25g earthquake but in the study team's judgment
inferred that would not survive much greater size earthquakes. In assigning the
fragility curves for this structure, it was assumed that 0.25g should be taken as the
median failure acceleration, with there being some chance of failure at lower
accelerations. The consequences of failing this structure on the HIFAR plant
response to earthquakes also needed to be assigned for the PSA. The study team
assumed that the reactor shielding block/heavy water plant room would fail in such
a way that subsequent fuel cooling would be prevented and that pipes connecting
systems inside the reactor containment building to the outside would also fail. This
effectively means that if the structure fails seismically, then fuel damage occurs and
the RCB cannot be isolated; i.e., the worst possible state.

—

Much of the HIFAR EPSS control and power cabling is of a type called MIMS; i.e.,
mineral insulated with a metal sheath. MIMS cabling is reported to be protected
against fires. The fire PSA analyses for HIFAR assumed that such cabling would
not contribute to the frequency of fires. Fires at the termination points of these
cables were considered but not fires involving the cables themselves. Although fire
test results for such cabling are no longer available for review, it was concluded that
such an assumption was justified. In a few places within the RCB, both trains of
EPSS electric power cabling cross. Since this cabling is MIMS type, the protection
of this cabling against fires greatly reduced the estimated risks from fires at HIFAR.
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•

Human Actions
—

•

•

The accident procedures for HIFAR do not cover all accident sequences considered
in the PSA; e.g., the initiation of RAT flooding for conditions other than leaks
without adequate inventory control, such as for station blackouts. The HIFAR
procedures are currently being upgraded but the revised procedures were not
available in time for this assessment. The accident procedures are viewed more as a
training device and would not necessarily be consulted right away during the course
of an actual event. Following discussions with representatives of HIFAR plant
operations, it was decided to give credit for some operator actions in accident
sequences not explicitly covered by procedures. This credit is based on the general
knowledge of the plant operators and their training to keep the plant safe.

^

Plant-Specific Data
—

The HIFAR plant has been operating since 1960. However, early records of plant
performance and testing frequencies are not available. Also, plant systems and
operational practices continue to change through the years. Therefore, plant records
for just the last 15 years were used to estimate plant-specific initiating event
frequencies. Experience data for the last 6 years of operation were used along with
generic data from other facilities to estimate plant-specific failure rates and
maintenance unavailabilities. Additional details of the treatment of component
failure and maintenance data is found in section 8.

—

The plant-specific failure rates and maintenance unavailabilities derived for HIFAR
show some higher and some lower than those computed by the study team for
younger nuclear power plants. This is as expected and consistent with the belief
that aging of plant components at HIFAR has not materially affected the
performance of key components. Additionally, the results from the Remaining Life
Study (i.e., the companion independent study to the PSA) indicates that there is no
evidence of age-related degradation of passive components at HIFAR. Therefore,
the study team did not increase the base case failure rates or event frequencies for
HIFAR over those computed using standard Bayesian techniques. Instead
sensitivity studies were performed to determine the potential impacts of postulated
aging affects for which there is currently no evidence but which is conceivable
based on the replacements, upgrades, and refurbishments performed to date.

Fuel Handling Events
—

The current HIFAR safety analysis provides only limited assessments of the
impacts of postulated drops of heavy loads. For example, there is no analysis for
drops of heavy loads, such as the fuel element flask onto the RCB basement, the top
plate, or onto the No. 1 Fuel Storage Block. Similarly, there is only limited analysis
available for the affects of dropping heavy loads onto the fuel storage ponds in
Building 23 and Building 41, particularly with regard to the issue of the potential
for criticality. For this assessment, the accident sequence models for fuel handling
events are limited to determining the frequency of the heavy load drops, and to
determining the relative frequencies of drops onto different fuel storage locations.
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Drops from different heights are counted equally though clearly the potential for
fuel damage is greater for elevated drops. The different categories of drops
considered are detailed in Section 4.4. For categories of drops with relatively high
frequencies or impacts, event specific analyses to show that the consequences of
such drops are not significant (e.g., no criticality, or no damage to fuel within the
flask) may be possible. Such analyses could be used to readily reduce the frequency
of significant drop categories.

2.3 Results
This section provides a brief overview of the PSA results, a demonstration of the fulfillment of
the study objectives, and a comparison of the quantitative results with the applicable safety
criteria.
2.3.1 Overview of Results
The HIFAR PSA systematically identified and quantified the frequency of scenarios involving
damage to irradiated fuel. As discussed in Section 4.2, detailed consideration was given to
identifying potential scenarios involving irradiated fuel in the RAT, or stored in the No. 1
Storage Block, Building 17, Building 23, Building 27, Building 41 or Building 59.
The frequency of core damage (i.e., the frequency of damage to fuel in the RAT) is summarized
in Figure 2-1. The frequency is presented as a curve that allows the uncertainty in this measure
to be depicted. Parameters describing this curve, as well as the other uncertainty curves
presented in this section, are given in Table 2-1.
Legend:
External Events
Internal Events
Total

10-6

io"5

10"4

10' 3

Frequency (per Year)

Figure 2-1. Frequency of Core Damage
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Table 2-1. Uncertainty Distribution Characteristics for Selected Results
Category

Frequency (Events per Year)
5 th
50*
8.31 x 10"5
2.03 x 10"
4.38 x 10"5
1.16x10"
5
1.40 x 10"
5.95 x 10"5
5
1.46 xlO"
5.96 x 10 s
6
5.71 x 10"
2.32 x 10"5
1.74 xlO"6
5.24 x 10"6
6
8.83 x 10"
5.20 x 10 s
7
1.91 xlO"
1.09 xlO"6
4.12 x 10"6
4.99 x 10"6
4
7.32 x 10"
1.72 xlO"3

Mean
2.57 x 10"
1.69x10""
8.86 x 10"5
1.08x10"
4.50 xlO"5
7.83 x 10"6
8.00 x 10"5
2.31 x 10 s
6.34 x 10"6
2.37 x 10"3

Total Core Damage
Internal Events
External Events
Leaks
Transients
Support Faults
Seismic
Fire
Wind
Tritium Release

95th
5.97 x 10"
4.67 x 10"
2.64 x 10"
3.36 x 10"
1.50x10"
2.16 xlO"5
2.45 x 10""
7.28 x 10"6
1.17 xlO"5
5.79 x 10"3

The mean, or average, core damage frequency is 2.57 x 10"4 events per year. This is the
frequency measure that is to be compared most meaningfully to the safety objectives presented in
Section 10.1. The curve also indicates the 90% confidence range for the frequency of damage, as
measured by the 5 th and 95 th percentiles of the uncertainty curve, is 8.31 x 10'5 to 5.97 x 10^
events per year.
Figure 2-1 also depicts the contribution to core damage from internally initiated scenarios and
externally initiated scenarios.
Figure 2-2 further breaks down the contribution to damage for internally initiated scenarios. The
core damage frequency arising from three categories of internal events is shown: transient
events, leak events, and support fault events. The largest contribution to the total damage
frequency is from internal events; the largest contribution to internal events is from the category
of leaks.
Legend:
Support Faults
Transients
Leaks
Total

10-7

10-6

10-5

10-4

10 -3

10-2

Frequency (per Year)

Figure 2-2. Frequency of Core Damage due to Internal Events
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In a similar manner, Figure 2-3 breaks down the contribution to damage for externally initiated
scenarios. Specifically, the contribution to damage due to seismic events, fires, and winds is
shown. Seismic events dominate the external event contribution to core damage frequency.

.

10-7

10-3

10-5
Frequency (per Year)

Figure 2-3. Frequency of Core Damage due to External Events
Figure 2-4 represents the frequency of release of a significant amount of tritium.

10-3

10-2
Frequency (per Year)

Figure 2-4. Frequency of Release of Tritium
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More detailed presentation and discussion results can be found in Sections 5.4 (internal events
scenarios to damage to fuel in the RAT), 5.5 (fuel transfer and storage scenarios), and 6 (external
event scenarios).
2.3.2 Fulfillment of the Study Objectives
Seven study objectives, summarized in Section 1.2, were identified by DIST at the outset of the
analysis. This section reviews how each of the objectives was met.
The first study objective called for a review and comparison of relevant safety criteria, and a
recommendation of a set of criteria against which the results and findings of the PSA can be
judged.
Consideration of comprehensive set of safety objectives is given in Section 10.1. This
consideration begins with a review of the concepts and issues surrounding quantitative safety
criteria, and includes a discussion of the use of quantitative measures in the international
community to measure safety.
The existing applicable safety criteria for HIFAR are comprehensive but are focused on health
impact measures such as the frequency of accidents leading to specified radiological doses, or the
frequency of premature death. These criteria are not directly applicable to the current HIFAR
PSA because the PSA only develops risk scenarios to the point of characterizing the damage
states of the facility. In other words, the PSA is a Level 1+ analysis; a Level 3 analysis would be
required to directly address health impacts. Nevertheless, a set of safety objectives has been
developed that is consistent with the scope of the PSA, against which the performance of the
plant can be measured.
The criteria developed are presented in the form of "objectives" rather than "limits." These
objectives represent surrogate criteria appropriate for a Level 1+ PSA that, if met, support a
reasonable level of confidence in the safety of all aspects of HIFAR operations. Since surrogate
criteria are proposed in lieu of health risk measures, if specific objectives are not met, then
additional analyses may be warranted to more fully characterize the risk.
For a set of safety objectives to be effective, the objectives must be clearly stated and
mechanisms to demonstrate compliance must be given. The safety objectives must also address
all facets of operation of the facility. The objectives presented in Section 10.1 fulfill these
requirements. Seven specific quantitative objective categories are defined that address reactor
operations, irradiated fuel storage, fuel transport, and heavy object drops. The seven categories
also provide guidance on limits on the frequency of release of significant amounts of tritium as
well as fuel damage.
The second study objective specified that the assessment of plant safety should include the
identification of dominate internal and external accident sequences; the identification of the plant
response and success criteria for each key safety function; the identification of systems,
components, and human actions important to safety; the assessment of important dependencies;
the identification and evaluation of new safety issues; and the identification of important
accident sequences that might require further analyses.
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Sections 5 and 6 of the report contain a detailed description of the analysis of internal and
external accident sequences, respectively. The expected and potential offhormal plant response
to these initiators is clearly documented, as are the success criteria for plant hardware and
operator actions. Important accident sequences have been identified as having systems,
components, and human actions important to safety. A key aspect of the plant response models
is the explicit consideration of important dependencies.
Section 10.2 documents an evaluation of importance measures, including the evaluation of
selected safety issues. Recommendations arising from the PSA are presented in Section 2.4.
The third study objective was to provide an assessment of the reliability and capability of the
active containment systems. This objective was fulfilled through the consideration of the
availability and capability of the active containment systems in the risk scenarios, thereby
allowing plant damage states characteristic of a Level 1+ analysis to be defined and utilized.
Results from the sensitivity analyses involving the active containment systems are presented in
Section 10.2.
The fourth objective was to provide a comparison of the level of safety with the criteria
identified in the fulfillment of the first objective. This comparison is provided in Section 2.3.3
and augmented with discussions found in Section 2.3.
The fifth objective was to provide recommendations for accident management and changes to
plant design and operating procedures that would improve safety. This objective has been
fulfilled via the discussions found in Section 2.4.
The sixth objective was to provide an examination of the aging effects on the results of the PSA.
Section 10.3 reports a systematic examination of aging effects on the safety of HIFAR.
The PSA team systematically searched for evidence of aging. This search included the
consideration of the normal processes of equipment renewal, refurbishment, and replacement in
practice at HIFAR. The aging assessment focused on identifying the potential for aging, since
no clear evidence of actual aging was observed. Equipment more than 20 years old was
identified for further consideration. A key aspect of this consideration was how high failure rates
could go, and the failures observed, before decisions to replace or refurbish equipment would be
made. The implied change in core damage frequency was then calculated based on the assumed
aging-related change in the failure rate. This approach resulted in the identification of the
continued surveillance of the performance of the relays of the RPS system as an important
strategy to control the safety impact of aging. Additional discussion and insights are presented
in Section 10.3.
The seventh and final objective was to provide a "living PSA" for HIFAR. Fulfillment of this
objective was somewhat complicated by the requirement for the PSA team to maintain
independence from the owner/operators of HIFAR. However, necessary technical information
exchanges did occur between ANSTO, the ultimate users of a living PSA for HIFAR, and the
PSA team that did not jeopardize the independence of the PSA. These exchanges included the
review of the event models developed by the PSA team that form the backbone of the risk
models, so that ANSTO personnel have a degree of familiarity with the PSA.
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Once the PSA is complete, a formal training workshop in planned to further familiarize ANSTO
with the models and the software. The objective of the workshop is to provide sufficient
familiarization, guidance, and training so that ANSTO will be able to assume ownership of the
PSA. This workshop will include hands-on training on the software, how updates and changes to
the models are accomplished, and how the models can be used to address specific issues.
In should be noted that the HIFAR PSA has been constructed using the integrated RISKMAN®
software package. RISKMAN is being used successfully as the foundation for living PSAs at
many facilities.

2.3.3 Comparison with the Quantitative Safety Objectives
A comparison of the HIFAR PSA results with the safety objectives presented in Section 10.1 is
summarized in Table 2-2. Tables 2-3 and 2-4 provide a more detailed comparison of internal
and external event contributions, respectively, to the safety objectives. As discussed in
Section 10.1, safety objectives 1 and 2 are the primary objectives. They correspond to scenarios
that have the greatest potential for impact on the environment. The primary objectives refer to
scenarios in which some of the fuel overheats. In the study team's judgment, the secondary
objectives (objectives 3 through 7) apply to scenarios that, if they occur, have a much lower
potential for impact on the environment.
Of the two primary safety objectives, the first objective is met and the second is exceeded. The
second objective is exceeded primarily due to the influence of external events, particularly
seismic events that lead to both core damage and containment degradation. The scenarios
assigned to safety objective 2 have the greatest potential for impact on the environment.
The overall performance of the active containment systems must be determined in the context of
the sequences important to risk. Such a measure is provided by safety objective 2, defined as the
frequency of scenarios resulting in fuel damage plus a degraded containment; i.e., in which the
leak rate from containment is expected to be greater than normal. This is a Level 1+ study.
Therefore, no judgment can be offered as to the acceptability of the normal leak rate for
scenarios in which the containment is not degraded, nor regarding the public health ramifications
of scenarios in which the containment is degraded and the leak rate is higher than normal.
Three factors contribute to the frequency of scenarios considered by safety objective 2 versus
safety objective 1. One is the performance of the active containment systems. A second are the
direct impacts of the sequence initiators on containment performance; e.g., seismic failure of
reactor containment building, and heat exchanger tube ruptures that can lead to release paths that
bypass containment. A third factor is the impact of the accident progression (e.g., containment
atmosphere pressures and temperatures, molten fuel-plant interactions) on containment
survivability. Factors of the third type are not considered in the HIFAR PSA. Their inclusion
would increase the frequency of scenarios mapped to safety objective 2, but the amount of
increase is not now known. The study team's experience with power reactors indicates that the
increased frequency would likely be less than 10% of the frequency of scenarios mapped to
safety objective 1, and likely much less. One exception would be if molten fuel-plant
interactions were found to lead to release paths that bypass the containment.
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Table 2-2. Event Frequency Results Compared to Safety Objectives
Safety
Relevant
Criterion*
POSs
Primary Safety Objectives
1. Irradiated Fuel Elements in Core or in the No. 1 Storage Block 1-5,7
5X10" 4
Overheating
2. Fuel Elements in Core or No. 1 Storage Block Overheating
1-5,7
5 x 10"5
with Degraded or Ineffective Containment
Secondary Safety Objectives
5 xlO"3
3. Fuel Element Mechanical Damage/Heavy Object Drop
4,6,8-13
4. Fuel Element Mechanical Damage/Heavy Object Drop Outside 4,6,8-13
5 x 10"4
the RCB or with Degraded or Ineffective Containment
5. Fuel Element Mechanical Damage/Heavy Object Drop
1-13
5 x 105
Resulting in Fuel Overheating or a Critical Configuration
6. Tritium Release
10"2
1-5
7. Tritium Release with Degraded or Ineffective Containment
10 3
1-5
*Total mean frequency per year of all scenarios for all relevant POSs.
Safety Objective Category

m
o

Total for All
Initiators

Total for
Internals

Total for
Externals

2.57 x 10-4

1.69 xlO" 4

8.86 x 10 5

1.02 x 10"4

1.60 x i o 5

8.67 x 10 5

3.64 x 10"3
5.11 xlO" 4

3.61 x 10"3
4.72 x 10"4

3.92 x 10-5
3.92 x lO"5

3.30 x 10"3

3.26 x 10"3

3.92 x lO 5

2.37 x 10'3
1.90 xlO" 3

2.16 x 10"3
1.81 x 10"3

2.11 x lO"4
8.48 x 10 5

Table 2-3. Reactor Internal Event Frequency Results Compared to Safety Objectives

1
m

to
i

Safety Objective Category
1. Irradiated Fuel Elements in Core
or in the No. 1 Storage Block
Overheating
2. Fuel Elements in Core or No. 1
Storage Block Overheating with
Degraded or Ineffective
Containment

Relevant
POSs

Safety
Criterion*

1-5,7

5 x 10"

1-5,7

5 x 10'

5 x 10'
3. Fuel Element Mechanical
4,6,8-13
Damage/Heavy Object Drop
5 x 10""
4. Fuel Element Mechanical
4,6,8-13
Damage/Heavy Object Drop
Outside the RCB or with
Degraded or Ineffective
Containment
5 x 10'
5. Fuel Element Mechanical
1-13
Damage/Heavy Object Drop
Resulting in Fuel Overheating or
a Critical Configuration
6. Tritium Release
lO 2
1-5
7. Tritium Release with Degraded or 1-5
10°
Ineffective Containment
•Total mean frequency per year of all scenarios for all relevant POSs.

Total for
Transients
Internals
Primary Safety Objectives
1.69 x 10"
4.50 x 10'

Support
Faults

Leaks

Mechanical
Drops

Loss of Cooling
to Stored Fuel

7.83 x 10"6

1.08 x 10""

0

8.05 x i o 6

4.08 x 10-7

6.59 x 10 6

9.48 x 10"7

0

8.05 x 10"6

0

0

3.61 x 10'

0

1.60 x 10'

Secondary Safety Objectivesr?;
3.61 x 10'
0
4.72 x 10""

0

0

0

4.72 x 10""

0

3.26 x 10'

0

0

0

3.26 x 10'

0

2.16 x 10'
1.81 x 10'

2.27 x 10"
5.65 x 10-'

6.73 x 10"
4.98 x 10"

1.26 x 10'
1.26 x 10'

0
0

0
0

Table 2-4. External Events Frequency Results Compared to Safety Objectives

3

I

Safety Objective Category
1. Irradiated Fuel Elements in Core or in
the No. 1 Storage Block Overheating
2. Fuel Elements in Core or in the No. 1
Storage Block with Degraded or
Ineffective Containment

Relevant
POSs

1-5,7
1-5,7

Total for
Safety
Fire
Criterion*
Externals
Primary Safety Objectives
8.87 x 10'
2.30 x 10"6
5>< i o 4
5>c 10 s

8.67 x 10'

9.34 x lO"7

Secondary Safety Objectives
3.92 x 10'
5>c 10°

K)

3. Fuel Element Mechanical Damage/
4,6,8-13
Heavy Object Drop
4. Fuel Element Mechanical Damage/
5>c 10*
4,6,8-13
Heavy Object drop Outside the RCB
or with Degraded or Ineffective
Containment
5>< 1 0 '
5. Fuel Element Mechanical Damage/
1-13
Heavy Object Drop Resulting in Fuel
Overheating or a Critical
Configuration
6. Tritium Release
10"2
1-5
7. Tritium Release with Degraded or
1-5
Ineffective Containment
Total mean frequency per year of all scenarios for all relevant POSs.

Flood

Seismic

Wind

1.64 x 10 9

8.00 x IO- 5

6.34 x 10 6

7.43 x 1 0 "

7.94 x

io-'

6.32 x 10"6

0

0

3.02 x 10'

8.95 x 10"6

3.92 x 10'

0

0

3.02 x 10"'

8.95 x 10 5

3.92 x 10'

0

0

3.02 x 10 s

8.95 x 10 6

2.11 x io- 4
8.48 x 10"5

1.88 x 10"4
6.47 x 10"'

2.61 x 10"'
6.30 x 10 9

3.58 x 10'7
3.18x io- 7

2.22 x 10"5
1.98 x 10'

In establishing the suggested criteria for safety objective 2, the study team considered that all
three factors were of interest. The active containment system reliabilities at HIFAR are judged
acceptable because they only marginally contribute to the frequency of scenarios mapped to
safety objective 2.
Of the secondary objectives, objectives 3,4, and 6 are met, whereas objectives 5 and 7 are not
met. We note that the frequency of scenarios corresponding to objectives 3 and 4 are close to the
corresponding numerical criteria, especially when uncertainties are considered.
Secondary safety objective 5 is exceeded by a substantial margin. For objective 5, a relatively
low criterion was selected based on a worst case interpretation of the potential scenario
consequences. Further analysis of heavy load drops of flasks and other heavy objects onto fuel
storage areas is recommended to better characterize the environmental impacts of such scenarios.
The study team believes that the actual consequences would be shown to be substantially less
than the worst case consequences considered when setting the numerical criterion for such
scenarios.
The study team had a limited basis for setting the numerical criterion for secondary safety
objective 7. The limited set of tritium release calculations should be expanded to envelop all the
applicable PSA scenarios assigned to objective 7. Such calculations may show that the criterion
assigned to objective 7 is overly conservative.
Details of the comparison to objectives 2, 5, and 7 are found in Section 2.4.

2.4 Conclusions and Recommendations
The results in Section 2.3 indicate that operations at HIFAR currently comply with proposed
safety criteria 1,3,4, and 6. The HIFAR accident frequency results are greater than the proposed
safety criteria 2, 5, and 7. Investigation into the contributors to the exceedance of safety
criteria 2, 5, and 7 reveals that the causes are varied.
The study team concludes that additional analyses, as described below, are required to show that
operations at HIFAR meet all of the proposed safety objectives, and that some changes to
improve operations may be warranted. The safety criteria exceedances identified above are
observed to be largely due to uncertainties in the current assessment. Additional analyses may in
fact show that the modeling assumptions required in the current assessment are overly
conservative.
For safety criterion 2, one of the two primary safety objectives, the key contributor is caused by
earthquake initiated failure of the reactor shield block, which is assumed to fail the heavy water
plant room and to pull the secondary coolant piping penetrations loose from the containment
building. Failure of the piping penetrations is assumed to lead to an increase in the containment
leak rate. The study team adopted previously derived seismic hazard curves and the results of
previous analyses concerning the reactor shield block seismic capacity to conclude that with the
current level of information, safety criterion 2 would be exceeded.
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For secondary safety objective 5 (i.e., fuel element mechanical damage scenarios resulting from
heavy object drops onto stored fuel), the exceedances are caused by the rather large number of
heavy object movements that take place during HIFAR operations. These scenarios involve the
movement of irradiated fuel elements in heavy flasks or by the movement of heavy objects that
may or may not contain irradiated fuel passing over storage areas that do contain irradiated fuel.
Although there has never been a heavy object drop at HIFAR, even with the more than 35 years
of operational experience there is insufficient evidence to lower the assumed frequency of drops
below the rates assessed in this study. The computed exceedance does not imply that the
movement of heavy objects at HIFAR are unsafe. Rather, the simple bounding estimates of
heavy object drop rates at HIFAR is insufficient to conclude that current practices are safe.
Additional analysis must be performed to determine the potential impacts of the postulated
drops. Many of the postulated drops are from low heights (i.e., on the order of 1 foot) and may
in fact lead to little or no mechanical damage of the fuel, let alone a release of radioactive
material offsite.
For secondary safety objective 7 (i.e., tritium releases with degraded or ineffective containment),
the exceedance is primarily caused by scenarios in which there is a leakage of heavy water from
the primary circuit but no fuel damage and without successful manual isolation of the reactor
containment building. There is no automatic containment isolation signal caused by the release
of only tritium. The emergency procedures at HIFAR do not direct the operators to isolate the
reactor containment building during the above sequences. The study team has not independently
determined the offsite consequences to the public of tritium releases stemming from this family
of scenarios. The safety criterion assigned to this category was conservatively selected with the
implicit thought that the consequences of such sequences were certainly less than for fuel
damage sequences, but not appreciably so.
With the above study results and other observations made during the course of the PSA model
development, the following recommendations are offered:
•

Recommendations to refine the assessment of areas that currently exceed the proposed
safety criteria:
1. New seismic hazard curves should be developed for HIFAR using modern methods
that formally account for the uncertainties in the models used as well as the
uncertainties in the parameters of the models. Experience with plant sites in the U.S.
show that the total uncertainties in the hazard curves are likely to be much greater
than assumed in this study, especially so for Australian sites where the seismic
hazards have not been as exhaustively studied. The study team cautions that the so
derived new hazard curves may have such large uncertainties that meaningful
conclusions about the seismic risks for HIFAR may not be possible.
2. The seismic capacity of the reactor shield block should be further investigated using
probabilistic methods. In addition to formalizing the fragility curves for this
structure, the investigation should determine the failure mode and likely
consequences of the failure on the heavy water circuit, heavy water plant room, and
potential impact on the leak tightness of the reactor containment building. This
investigation should consider the degradation of the steel structure supporting the top
plate. The degree of degradation is not known. However, a recommendation of this
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study is that this mechanism be considered further, specifically with respect to how it
might influence the seismic response of the reactor block and the response of the top
plate to a hypothesized load drop.
3. The impact of heavy load drops onto fuel storage areas should be investigated to
determine the expected degree of mechanical fuel damage, if any, and the potential
for criticality if any deformations in the fuel storage geometry occur.
4. A search of the literature to determine the likely extent of radioactive material release
that might occur due to mechanical damage of HIFAR irradiated fuel elements that
have decayed for 1 or more months. The objective of the search is to check the
assertion that HIFAR style fuel elements can not release significant quantities of
radioactive material unless the fuel elements overheat; i.e., reach temperatures in
excess of 500°C.
Recommendations to improve plant design and operational features:
1. The ECCS design should be changed to correct the problem associated with the
discharge from scavenge pump A being directed over the weir line. This design
problem currently prevents the ECCS from mitigating leaks to the heavy water plant
room without operator intervention. Since the action to manually isolate the weir line
can not be achieved in a short period of time, the ECCS cannot currently mitigate
larger leaks to the heavy water plant.
2. Currently, reactor trip tests are performed on each program cycle at the beginning of
the planned shutdown. On approximately 4 of the 13 program cycles each year, the
main heavy water pumps are tripped. This poses a challenge to the reactor trip
system to function. In the current PSA model, failure of the reactor trip system in
response to a loss of main heavy water pumps is assumed to result in fuel damage.
Analysis should be performed to show that failure of reactor trip system during such
tests would not lead to fuel damage even if the CCAs cannot be inserted for hours, or
the tests should be revised so as not to pose such a challenge.
3. Enhance the existing HIFAR accident procedures to explicitly consider:
a. Initiation and control of RAT flooding for losses of forced cooling without heavy
water.
b. Reactor containment building isolation for significant heavy water leaks in which
fuel damage is prevented but substantial tritium is released from the heavy water
circuit.
c. Initiation of heavy water plant room flooding under conditions other than for
large heavy water leaks; for example, to mitigate a loss of forced cooling from
outside the reactor containment building.
d. The response to a loss of forced flow event followed by failure to insert of
sufficient coarse control arms to effect a safe reactor shutdown.
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4. In addition to item 3(b) above, evaluate the consequences to the public of a
significant tritium release from the heavy water circuit, and in which the reactor
containment building does not isolate and the normal and active extract ventilation
systems continue to operate.
Other recommendations to enhance the safety case for HIFAR:
1. Establish a detailed engineering basis for the heavy water plant room equipment
temperature limits and pump suction head requirements under loss of forced flow and
heavy water leak conditions. These limits determine the available time for recovery
actions before the resumption of heavy water forced flow would no longer be
possible.
2. Establish the shield cooling system cooling capabilities under conditions of no forced
heavy water flow. While it is believed that the shield cooling system does not have
the capability to significantly reduce the fuel damage frequency, it may be possible to
avoid initiation of RAT flooding under conditions of an extended loss of forced
cooling.
3. Establish the expected operator radiation exposures for accident situations in which
the operators are instructed to remain in the reactor containment building or to enter
the heavy water plant room to perform recovery actions. The calculations should
consider the reductions in exposures attributable to wearing protective clothing.
4. Document key system functional capabilities and conditions of operation in sufficient
detail for an independent reviewer to be satisfied that the system can and will function
as designed. Where possible, identify and describe the system full functional tests
performed to substantiate the design capabilities. This is a sweeping recommendation
that stems from the study team's observations during the project. It is in part a
recognition that the ECCS system for HIFAR could not have functioned as designed,
and that this was not recognized until an independent review of the system occurred
as part of the PSA. The lack of an engineering assessment to justify that the heavy
water main and shutdown pumps could function following a period of loss of all
forced cooling in which temperatures in the heavy water plant room are likely to rise
gives further evidence that more should be done in this area. Three other related
topics occurred during the course of the project. One involved the start time
requirements of the emergency diesel generators to power the scavenge pumps in
response to a large leak with concurrent loss of offsite power. A second involved the
question of mains water relief capacity and the potential impact this could have on the
total pressure that would result in the mains water system given startup of the mains
water fire service pump. Starting of the fire service pump is directed by procedures
for RAT flooding. This substantially increases the system pressure above the normal
operating pressure. The third topic involved the trip of the liquid level system upon
high level in the main heavy water storage tank. No basis for this trip could be found,
although its presence can complicate the plant response especially in the current plant
condition where the ECCS discharge may divert flow into the main heavy water
storage tank for leaks to the heavy water plant room. When questioned, ANSTO was

\DIST\REPORT\SECT 2.DOC.01/15/98

2-19

able to supply additional information to confirm that in the first two cases the systems
would function as required, however, the documentation of this was not readily
available.
5. We understand that the operating limits and conditions for HIFAR (OL&Cs) are
currently undergoing revision and review. The PSA model for HIFAR should be
considered as an additional input to that process. One potential additional limit
would be on the simultaneous occurrence of draining the mains water tower for
cleaning and the draining of the light water cooling pond cleaning.
6. The scope of the current analysis is that of a Level 1+ study. By definition, the study
did not include an assessment of accident progression following fuel damage. If there
is a desire to improve the safety case for HIFAR, consideration should be given to
extending the analysis to Level 2. A Level 2 analysis will provide additional
assurance that all containment failure mechanisms have been adequately considered.
If it can be shown that no containment failure mechanisms associated with accident
progression after fuel damage are possible, then any additional analysis for Level 2
would not be required. We observe that one could also conclude that a Level 2
analysis would provide limited improvement to the safety case if the sum of the
scenario frequencies corresponding to safety objective 1 was shown to be less than
the criterion established for safety objective 2. This is not currently the case,
however.
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3. METHODOLOGY

3. Methodology
3.1 Basic PSA Structure
The objectives were accomplished by the completion of a Level 1+ probabilistic safety
assessment (PSA) on the High Flux Australian Reactor (HIFAR). Reference 3-1 describes the
three levels of PSA work scopes as follows:
•

Level 1 considers the performance of the plant systems to the extent needed to resolve
sequences to the point of success or core damage.

•

Level 2 includes the Level 1 scope plus the issues of core and containment
phenomenology to the extent needed to resolve sequences sufficiently to determine the
point of release, timing, and magnitude of radioactive material released.

•

Level 3 includes the Levels 1 and 2 scope plus an assessment of offsite consequences to
public health and property.

The study described in this report represents a Level 1+ analysis. It includes the quantification
of sequence frequencies that lead to core damage and a complete description of the status of the
containment and mitigative systems that could influence the in-plant transport of radionuclides.
3.1.1 Questions Addressed in a PSA
The purpose of performing a PSA is to answer the following three basic questions:
1. What can go wrong during operation or maintenance of the plant that could result in an
accident sequence that could lead to an undesired event, such as severe fuel damage?
2. How likely are these sequences to occur during the plant lifetime?
3. What is the level of damage to the plant (PSA Levels 1 and 2) and to the environment
(PSA Level 3) that could result if the undesired event occurs?
In fact, a complete set of answers to these three questions constitutes a robust definition of risk
(Reference 3-1). The first question is answered in the form of a structured set of scenarios that is
systematically developed to account for design and operating features specific to HIFAR. This
set of scenarios is generated using an accident sequence model consisting of a set of initiating
events, linked event trees supported by event sequence diagrams, dependency matrices, and other
analysis tools that define the progression of accidents.
The second question is answered in terms of the frequency of occurrence of each scenario
identified in the answer to question 1. This involves quantifying the frequencies of events that
could initiate an accident sequence and the failure frequencies of the systems and operators that
respond to mitigate against core damage, fuel transport or storage, or the release of tritium. The
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frequency results are then combined in the accident sequence model to obtain the frequency of
each accident scenario.
The quantification process for the HIFAR PSA is accomplished using data from actual
experience and a wide variety of models that interpret and combine the data into failure
frequencies of the events questioned in the accident sequence model. These quantification
models provide the link between the overall risk and its underlying causes.
An important part of quantification is expressing confidence in the frequencies calculated by the
models for each of the events, which means displaying the uncertainty in each of the frequencies.
This is done using probability distributions for the measurable quantities and expressing
modeling uncertainties explicitly. Many sources of uncertainty are addressed in the development
of the parameters used to quantify the frequency of accident sequences. Examples of these
uncertainties are the source of generic data, plant-to-plant variability in the application of data,
and sample size for plant-specific applications. The resulting state of knowledge or confidence
in each frequency parameter is expressed by deriving a probability distribution for that
parameter. The basic data distributions and selected modeling uncertainties are then propagated
through the system quantification models and the important event sequences to obtain
uncertainties in the overall results.
Within the scope of analysis, question 3 is answered by delineating the key characteristics of the
damage sequence including the status of the containment and systems that could influence the
in-plant transport of radioactive material. The analysis required to do this addresses the
progression of physical containment responses following the onset of core damage. The PSA
does not address offsite consequences such as public health effects. However, the containment
response analysis provides the basic groundwork and the information needed to address offsite
consequences.
3.1.2 Basic Structure for Answering the Three Questions
To answer the above questions, a scenario-based approached is employed. This systematic
framework for the definition of accident sequences is illustrated in Figure 3-1. The following
paragraphs provide an overview of the framework. Important terms used in describing the risk
assessment methodology are shown in Table 3-1.
Each sequence begins with a well-defined initiating event. For the initial condition of low- or
full-power operation, an initiating event is a failure or external event that requires the plant to
respond to prevent fuel damage or the release of tritium. For other plant operating states, such as
when the reactor is shut down for refueling, or when spent fuel is being handled, an initiating
event is a failure, operational anomaly, or an external event that could eventually lead to fuel
damage due to loss of effective cooling or inadvertent criticality.
Each possible scenario that could result from an initiating event is defined in terms of a specific
combination of three general categories of successful and unsuccessful plant responses that must
function to bring the plant to a safe and stable shutdown condition, as follows:
•

Frontline systems perform the basic safety functions of reactivity control, core and
reactor coolant heat removal, and reactor coolant pressure and volume control. In
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addition, active systems needed to cool, isolate, and filtrate the containment as well as
those needed to determine the possibilities for a containment bypass are considered to be
frontline systems in the Level 1 portion of the scenario-defining event trees.
•

Support systems provide the electric power, motive force, cooling functions, and control
signals that enable other support systems and ultimately the frontline systems to perform
their safety functions over the mission time required to achieve the safe and stable
shutdown.

•

Operator actions to initiate, align, control, recover, or inhibit any of the above systems as
a necessary and integral part of performing the plant safety functions.

These three elements are organized into event sequence models. Top events define the
functional requirements for the systems and operator actions addressed at each step in the event
sequence models. The top events are defined so that success brings the fuel in the core, being
transported, handled, or stored, closer to a safe and stable condition.
Because reactors are typically protected by diverse and redundant safety systems, severe core
damage requires a series of component and system failures, and possible human failures. Actual
operating experience and modeling techniques demonstrate that, although the likelihood of a
series of failures is quite small, it is numerically higher than would be estimated solely from a
postulated chain of independent failures. This is because physical and human interactions result
in dependent failures that increase the conditional probability of each successive failure in the
chain.
As a consequence of the functional dependence of one system or action on others, the failure
frequency of a top event function at some point in the accident sequence may have a variety of
values that are conditioned on the failures that preceded it. These conditional failure frequencies
are explicitly represented by defining one or more split fractions for each top event that relate the
results of that function's quantitative analysis under those conditions. The rules for assigning
these split fractions to each branch point of every top event are then written in terms of the
success or failure of earlier top events in the plant event trees. These trees are normally divided
into support system event trees and frontline event trees for clarity during analysis. Aspects of
the causes and consequences of each sequence can be displayed and accounted for in a way that
permits the importance of dependencies between top events to be determined.
Individual Level 1+ sequence frequencies are calculated using RISKMAN, which combines the
elements of the accident sequence evaluation. The major parts of the integrated model are shown
in Figure 3-2. Flow charts called event sequence diagrams graphically display how the
progression of the accident sequence is being modeled to facilitate communication with plant
personnel. Dependency matrices organize the functional dependencies among the systems into
one central tool to assist in ensuring that such dependencies are accounted for.
The Level 1+ sequences for low- or full-power operation, for example, proceed to either a
successful safe and stable shutdown or to core damage. The core damage sequences are further
assigned to plant damage states. Damage sequences associated with fuel handling, transport, or
storage are also assigned to plant damage states. These states are defined to categorize the key
plant conditions at the time of fuel damage or tritium release that can influence the likelihood of
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success of the containment functions. These states consider the status of active systems that
perform a function in the containment system. A Level 1+ PSA can be thought of as a structural
list of quantified damage sequences that begin with an initiating event and trace the progression
of the sequence sufficiently to allow assignment to a plant damage state.
The plant damage states form the initial conditions for a Level 2 analysis, which would model
the sequence of physical phenomena that determines the ultimate consequences with regards to
release of radioactive materials from the containment.
The PSA model elements introduced above are described in more detail later in this section.

3.2 Overview of the PSA Process
The basic steps of performing a PSA include:
1.
2.
3.
4.
5.
6.
7.

Develop Basic Plant Familiarization
Define Level 1+ Event Sequences
Develop Models To Support Sequence Quantification
Develop PSA Database
Determine Severe Accident Progression and Release
Assemble and Quantify Accident Sequences
Review and Interpret Results

A summary of the basic steps and key products developed in the performance of this PSA that
meet the above requirements is provided in Table 3-2. One should note that the PSA process is
not necessarily limited to "beyond design basis events," or any other artificially defined category
of events, but applicable to any event with potential to result in the undesired consequence of
interest; e.g., fuel damage or further release. These products are developed within the framework
of an integrated event sequence model, as illustrated in Figure 3-2. Although there is
considerable iteration among the efforts to develop many of these products, they are listed in this
table in the approximate sequence of their development.
The methods employed in the development of the key products are described in the remainder of
this section. The treatment of dependent events is first described due to the importance that it
has on many of the tasks.
3.2.1 Overall Treatment of Dependent Events
The HIFAR PSA models scenarios in terms of sequences of events. Dependencies among these
events must be adequately represented. There are many important dependencies to be considered
throughout the PSA process. For these reasons, the concepts for identification and analysis of
significant dependencies outlined below must be kept in the forefront of attention while
accomplishing the tasks of constructing and quantifying the PSA models.
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3.2.1.1 Dependent Failure Mechanisms
The first requirement for an adequate treatment of dependent events is to be aware of the
spectrum of dependency mechanisms. These mechanisms are discussed fully in Reference 3-6.
The particular types of dependencies that have a significant impact on the PSA modeling process
are summarized briefly below:
•

Functional Dependencies. These important dependencies arise from the design and
operation of the plant. Many common support systems provide support functions to
several frontline systems and other support systems. If the support system fails, some or
all of its supported systems may also fail because of the loss of power, cooling, actuation
signal, or source of water inventory.
Although the identification of functional dependencies is straightforward and, for the
most part, would naturally fall out of a basic understanding of the plant design, they are
extremely important to model properly, as they are often found to be significant
contributors to risk. For example, for power reactors, accident sequences involving
failures of critical support systems such as service water, component cooling water,
electric power, and room cooling tend to have a larger risk significance than sequences
involving failures in frontline safety systems such as reactor trip, high pressure injection,
or low pressure injection. The consequences of critical support system failures are more
extensive because of the extent of functional dependencies on these systems.

•

Common Cause Events. This term describes the situation in which two or more events
occur within some short period of time as a result of some shared cause.
Common cause events are carefully considered because they involve unintended
dependencies, often hidden, and therefore frequently difficult to find, and yet are often
dominant contributors to system failures and accident sequences. Examples of common
cause dependencies include:
—

Latent and undiscovered design errors shared by two or more components.

—

External and internal environmental stresses (e.g., vibration) that impact two or
more components at the same time.

—

Commonality in location of two or more components that can be influenced by one
external event; i.e., external to the components.

—

Human errors associated with the calibration of equipment with a wrong parameter
or faulty equipment.

—

Human errors in testing or maintaining equipment that unintentionally render two
or more components unavailable at the same time.

Although it is often difficult to identify potential common cause events before they occur,
the methods and databases that are currently available (References 3-7 and 3-8) have

\DIST\REPORT\SECT 3.DOC.01/07/98

3-5

matured to the point where the analyst can reasonably well predict how often common
cause events occur in redundant systems and thereby can quantify their quantitative
impacts on system performance. Engineering insights needed to reduce the frequency of
these events are available through detailed examination of the underlying database.
•

Dynamic Human Interactions. Human-dependent failures arise from the ability of the
plant operations staff to influence multiple systems, should a misconception of a situation
be perceived and perpetuated. Examples include:
—

Misdiagnosis of a situation that precludes the operators from taking a series of
actions in response to an initiating event.

—

Inability to act due to a previous failure.

As both the Three Mile Island and the Chernobyl accidents arose from dependencies among
human actions that served to defeat a variety of redundant safety systems, the human action
analysis of operator actions during accident sequences must consider the potential for these types
of dependency mechanisms.
It is important to recognize that there is no sharp boundary between common cause events and
human interactions. In fact, most common cause events could be considered to be due to some
lack of foresight or error regarding human interactions during the design, construction, or
operation of the facility. As will be seen below, the various dependency mechanisms are
accounted for during the application of PSA tools in different ways. The important point is to be
reasonable and complete but not duplicative.
3.2.1.2 Identification of Dependencies in the Event Sequence Model
Within an accident sequence model composed of an initiating event and a specific combination
of failures, there are three general categories for explicitly defining dependent events that are
defined by the different ways dependent events can cause or contribute to an accident sequence.
They are defined and discussed below. In addition, Table 3-3 shows how they relate to the
dependency mechanisms discussed above and gives examples of each.
•

Common Cause Initiating Event. This category of dependent event results when a
single event causes both an initiating event and failure or degradation of one or more
systems in the sequences following the initiating event. Examples include floods and
various support system failures.
Initiating events that produce a challenge that requires the reactor to trip and also fail or
degrade one or more systems important for safe shutdown are explicitly defined and
quantified as separate sets of scenarios. An example is the loss of offsite power.
Common cause initiating events are processed with the same accident sequence logic as
other initiating events, with the exception that the impacted systems are guaranteed to
fail. The accident sequence model can then predict how well the plant can respond to
these degraded conditions.
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•

Intersystem Dependency. This category of dependent events arises from initiators
involving functional dependencies. The linkage created by the dependency is made
between two or more systems through the definition of conditional frequencies (i.e., split
fractions) for the impacted system that are dependent on the status of the impacting
system.
Intersystem dependencies are modeled explicitly in the event trees and in the logic rules
for the assignment of conditional event tree branching ratios, referred to as "split
fractions," for event tree quantification. At the system level, fault trees are quantified
separately for each split fraction to account for functional dependencies on other systems,
where success or failure status is resolved in the event trees along the particular sequence
paths leading up to the associated branch point.
In the system fault trees, supporting systems are represented as "house events" that are
either certain to occur or certain not to occur, depending on the event tree path. More
details on the fault tree analyses approach are provided in Section 3.5.1.

•

Intrasystem (Intercomponent) Dependency. The dependent event in this case links
together two or more items within a system and thereby increases the system failure
probability and that of all affected sequences. These dependencies are in some cases
treated in the fault trees explicitly. In other cases, they are treated implicitly through the
use of alternative system alignments and parametric models for common cause failures.

3.2.1.3 Implementation of Dependency Evaluation throughout the PSA Process
The treatment of dependent events is included throughout virtually all aspects of PSA modeling
and quantification. The principal methods employed in each step of the PSA process as
practiced in this evaluation are summarized in Table 3-4. A review of this table reveals that the
evaluation of dependencies must be an iterative process, where the process of accomplishing one
task can bring insights into other tasks. This integration process is critical to the realistic
evaluation of plant risk.
A detailed description of the methods used to treat dependent events and other important issues
in PSA is found in the sections below that address the methods used for each of the basic steps of
a PSA.

3.3 Plant Familiarization
The natural starting point to a successful PSA is the acquisition of an in-depth knowledge of the
plant. This is performed in the early stages of the project and is accomplished by the completion
of key products that document a qualitative evaluation of the plant. These products, which were
developed with plant design and operations personnel prior to the actual development of PSA
quantification models, include:
•

System Information. At the plant familiarization stage, the plant systems are screened
for applicability to the PSA. Any system that could cause a plant trip, tritium release,
fuel damage, or is needed to characterize the response to an initiating event is selected for
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further analysis. Files are constructed that contain qualitative system descriptions
including the details of system operation, test, and maintenance procedures; identification
of key system interfaces, system diagrams, and drawings; technical specifications; and
other qualitative information needed to begin the PSA.
•

Plant Walkdowns. Initial plant walkdowns are performed by the members of the PS A
team to visually inspect key areas of the plant including fuel storage and handling
locations and major plant systems and to resolve questions generated during the
development of the plant familiarization products. Locations of plant equipment are
documented to support the internal flooding and fire analyses. Meetings are held with
cognizant engineers and plant operations personnel to review the analyst's understanding
of the plant and to obtain agreement on the dependency matrices.

•

System Dependency Matrices. The significant functional dependencies identified are
organized into system dependency matrices. Dependency matrices are charts that contain
supporting systems on a vertical axis and supported systems on a horizontal axis.
Interdependencies and interactions between those systems are listed at the node
corresponding to the two systems. A set of notes for the matrices provides the necessary
details to describe the complex intersystem dependencies. The result is a centralized
overview of the plant's intersystems dependencies.
Dependency matrices are used to support the following:
—

Document the classification of systems into support versus frontline systems to
facilitate the construction of the event trees. Frontline systems perform a critical
safety function, whereas the support systems provide a support function to one or
more frontline systems.

—

Define important boundary conditions needed by the systems analyst to evaluate the
system. These include definition of the cutoffs between supporting and supported
functions and identification of intersystem dependencies that must be modeled.

—

Provide a convenient reference of how the plant is actually connected, against
which simplifying assumptions made in developing the event trees can be
compared.

—

Provide a useful tool in communicating with operations personnel about the
analyst's understanding of the plant.

—

Serve as a useful check in the review of the dominant sequences that are produced
in the event tree quantification to ensure that dependencies have been properly
modeled.

While, on the surface, these matrices may seem redundant to other existing plant
information, experience has shown that a proper understanding of plant behavior requires
that the combined effects of many dependencies be organized in one place.
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3.4 Level 1+ Sequence Definition
A large fraction of the effort needed to complete a PSA is spent in the development of the
Level 1+ accident sequence model and in the verification that it defines a complete and
appropriate set of accident sequences. This section outlines the process used to accomplish this
objective. First, however, the basic modeling tool for this development is described (also see
Reference 3-1).
An event tree is a means of organizing the answers into a series of questions regarding the
progression of plant status towards safe shutdown. An example of a simplified plant event tree is
shown in Figure 3-3.
The event tree starts with an initiating event, I, on the left. For this discussion, the initiating
event perturbs the plant at a normal operating condition in a way that requires either a reactor or
turbine trip. This starts a sequence of events that could lead to core damage if the plant safety
systems do not function. Examples of initiators are a system failing, loss of offsite power, or a
human error.
The tree then splits at branch points corresponding to answers to questions regarding the plant
response to the initiating event. Depending on the answers to the questions, the branches
terminate on the right with either a safe shutdown condition (designated "OK") or a plant
damage state (designated "DSn").
The branch points are called top events. A top event evaluates a question regarding the:
•

Conditions presented by the initiating event.

•

Status of a system function against a set of success criteria and the conditions generated
by the sequence of events leading to that point.

•

Performance of the operating team within the evolving scenario.

The order in which the top events appear is established by the precedence of initiating event,
temporal, and intersystem dependencies. Those that impact the potential for success of others
are listed to the left of the event tree. The branch ratio of each branch point may be dependent on
the status of preceding top events in the sequence path.
A favorable outcome to a top event question proceeds to the right. One can associate that answer
to progressing a step closer to a safe shutdown condition. An unfavorable outcome branches
downward. This answer is normally associated with a step closer to core damage in that
additional systems must function or some system asked later in the tree must function under
more difficult conditions.
The fraction of time that the downward path is followed, given that the sequence up to that point
has occurred, is called a split fraction. The split fraction is equivalent to the frequency that the
function defined by the top event fails to be accomplished under the conditions determined by
the progression of the scenario to that point. Split fractions are quantified as part of the answer
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to question 2 of the scenario-based definition of risk, "What is the likelihood?," which is
discussed further in Section 3.5.
As indicated in Figure 3-3, a top event question may be asked after earlier top events have
succeeded or failed. Each answer may have a different failure frequency that is dependent on the
conditions presented by those outcomes. Within the sequence model, each set of conditions that
is judged to change significantly the failure frequency of the function being questioned is
assigned its own split fraction designation, normally delineated by a number attached to the end
of the top event designation. For the example in the figure, Top Event B will be quantified under
two sets of different conditions. Either the preceding Top Event A has occurred or not. The
sequence S involves success of Top Event A and failure of Top Event B. The frequency of event
sequence S is given by <()(S), and is obtained by multiplying the frequency of each branch point
by the initiating event frequency.
Sometimes, conditions prior to a top event either guarantee it to succeed or fail, or make it not
applicable to a particular sequence, warranting the assignment of a conditional frequency of 1 or
0 to the split fraction of a node. In this case, the event tree would not split into two branches at
the top event but would simply pass through, thus reducing the number of sequences in the tree.
Although not shown in this figure, this is an important feature that enables one general event tree
to be used for a variety of initiating events.
An overview of the accident sequence model for HIFAR is presented in Figure 3-2. A variety of
analytical techniques are used to identify and structure the model to give reasonable assurance
that it is realistically representing a complete set of possible accident sequences.
The process of defining accident sequences consists of completing the following basic steps:
1. Identify relevant plant operating states for the analysis.
2. Define initiating events and organize them into groups according to similar impacts on
the plant and the systems needed to control the event.
3. Construct event sequence diagrams to cover all major initiating event groups. These
diagrams map out alternative plant responses to the initiating events, operator actions that
are called for in the emergency operating procedures, and important physical events to
characterize the condition of the plant along alternative event sequences. The ESD is a
means of documenting the key assumptions made regarding accident progression that are
implicit in the event trees constructed in the next step. Therefore, event sequence
diagrams are set up to communicate understanding regarding the plant and operational
response with those who are not familiar with PSA nomenclature. While the ESDs
contain the detail that eventually is described by the frontline event trees, they also
contain additional events that are judged to be unimportant for inclusion in the event
trees. The reasons for omitting these events are described in the presentation of the
ESDs.
4. Construct sets of modularized event trees to define the possible accident sequences, from
each initiating event group to a sequence end state. One or more separate event trees is
provided for the response of support systems to the initiating events. Separate sets of
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event trees are developed for each major group of initiating events to model the response
of the frontline systems and operator actions.
5. Develop definitions for each event tree top event. These definitions serve as a
specification for the systems and human reliability analyses that will be performed to
quantify the event tree split fractions. Success criteria are developed for each top event,
and boundaries are established to determine which equipment and operator actions are to
be modeled in each top event.
6. Define end states for each event tree sequence including a successful end state and a
number of plant damage states to identify particular cases of fuel damage.
7. Assign individual scenarios to specific end states.
A more detailed discussion of each major element of the sequence definition process is provided
below.
3.4.1 Identification of Plant Operating States
In performing a PSA, it is often the case that several plant conditions and activities are of interest
for analysis. Such activities include power operation, low power operation, refueling, irradiated
fuel transfer, and irradiated fuel storage. Plant procedures and practices are scrutinized to
identify unique plant operating states of interest. Each state defines a unique set of hazards as
well as initial conditions for analysis. For example, in one plant operating state, scheduled
maintenance activities may involve different plant configurations with the availability of specific
equipment impacted. In the HIFAR PSA, 13 plant operating states have been identified. These
states are fully described in Section 4.3.
3.4.2 Identification of Initiating Events
In PSA evaluations, an initiating event is defined as any event that results in a plant transient
condition, otherwise perturbs the normal operation of the plant, or threatens the integrity of the
spent fuel or containment of tritium such that, depending on the response of the plant systems
and operations personnel, a sequence of events involving undesirable consequences could result.
The undesirable consequence is core damage, damage to spent fuel, or release of tritium.
Initiating events analysis is carried out in the following sequence of steps:
•

Step 1 — Identification of Candidate Events. A variety of experience-based and
analytical approaches are used to identify candidate initiating events. One primary
source of candidate initiating events is a review of relevant experience at HIFAR and
other research and test reactors. These approaches include:
—

Review of Reactor Operating Experience. In this approach, operating experience
at HIFAR and other research and test reactors is reviewed and classified to
enumerate the plant trips and initiating events that have actually occurred. In the
U.S., the U.S. Department of Energy maintains a record of all abnormal operating
reports. Review of these reports, along with available information from other
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DIDO-class reactor PSAs, provides insight into the types of events that have
occurred at a variety of reactor types.

•

—

Feedback from other PSA Analysis Tasks. As important knowledge regarding
plant operation, system dependencies, plant behavior, and system failure modes is
built up in other PSA tasks, new insights into important and unique initiating events
are invariably developed. This feedback is especially useful in the qualitative
evaluation of candidate initiators and also provides a useful check on completeness
in the candidate events identified using the above techniques.

—

Failure Modes and Effects Analysis (FMEA). Failure modes and effects analysis
is a bottom-up approach to identifying initiating events. The approach consists of
evaluating the impact of major component failures on frontline safety and support
system failure modes, and ultimately the impact on normal plant operation. This
approach is especially useful for identifying important common cause initiating
events in support systems that simultaneously impact other plant systems. In the
HIFAR PSA, this effort focused on reviewing potential initiating events identified
during the development of the dependency matrices.

Step 2 — Grouping of Candidate Initiating Events. In this step, individual initiating
events that were identified in the previous step are classified and categorized to support
subsequent evaluation and modeling.
Each initiating event is carefully examined to see which of the systems that must function
to mitigate its consequences might also be made unavailable by the initiating event. Such
dependence is modeled by grouping those initiating events that require similar mitigating
systems, then defining the boundary conditions for each mitigating system to make them
specific to those initiators.
Certain initiating events that affect more than one event in a scenario are modeled
explicitly if their likelihood and potential consequences are found to be significant.
Initiating events are grouped into two levels of categories: a coarse grouping and a fine
grouping.
The coarse grouping identifies initiating events that require a plant response that is
sufficiently different from other initiating events to change the interdependencies of the
mitigating systems. For each coarse group, a separate event sequence model is
constructed, including a separate set of event trees, success criteria for plant systems, and
logic rules for assigning split fractions.
After an event tree is defined for each coarse group, the individual initiators within the
group are further reviewed to define a fine structure grouping. A fine structure group is
established when the logic rules for reducing the tree to model the dependencies of the
plant response (discussed in Section 3.5) are similar enough for the initiating events
within that group to warrant the same quantification. Thus, the number of fine groups
determines the number of sequence frequency quantification runs that need to be made
for each event tree.
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For example, the coarse group called general transients (e.g., reactivity insertion, loss of
flow, etc.), for which a single set of event trees can be developed, typically has several
quantifications needed to account for the unique impacts that each fine group of initiating
events has on the plant.
In developing the two-tier initiating event grouping described above, it is recognized that
the division of these groups is somewhat arbitrary. In principle, one could develop a
single, very general set of event trees that could conceivably be used to analyze all
initiators. However, such an event tree could prove to be too complex to analyze
practically. At the other extreme of impracticality would be the development of a
separate set of event tree models for each initiator having a unique plant impact on
mitigating systems. The two-tier grouping process is found to provide a good tradeoff
between these two extremes.
•

Step 3 — Quantification of Initiating Event Frequency. The purpose of this final step
of initiating events analysis is to set up the models and database requirements for
estimating the frequency of initiating events.
Some of the initiating events, particularly those of moderate-to-high frequency, are
quantified using experience data from plant operating experience, supported by data from
the experience from other similar plants, if available. The data analysis itself is
performed using methods described and applied in Section 3.5. Examples of this
category include loss of offsite power.
Other initiating events are too infrequent to rely solely on experience data to estimate
their frequency. These events require the use of models and expert judgment to
supplement the statistical data. Applications of Bayes' theorem are used in this study to
combine different types and sources of evidence in the estimation of event frequencies.
Initiating events involving system or subsystem failures are estimated using models that
derive the initiating event frequency in terms of combinations of more basic events for
which data are usually available. The use of systems models for initiating events is
developed in the systems analysis task that is described more fully in Section 3.5 (see
also Reference 3-8).

3.4.3 Event Sequence Diagrams
Event sequence diagrams are graphical depictions of the plant support and frontline systems'
response to an initiating event in flow chart format. ESDs are used to document the possible
scenarios and courses of action that can be taken by the operators after a specified initiating
event has occurred. Such actions include the plant hardware response and the steps taken by the
operators to implement the relevant plant procedures. Analysis of ESDs is the first step towards
the development of event trees that will subsequently be used to quantify the frequency of all
modeled accident sequences.
Although ESDs are easily understood and are useful tools for documenting required plant system
and operator actions after an initiating event has occurred, they cannot be directly used for
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accident sequence quantification. A necessary next step therefore is to convert the ESD into an
event tree for the purpose of quantification of event or accident sequences. The event tree
represents the transformation of the qualitative details contained in the ESD into a functional
logic framework for sequence frequency quantification. Specific actions identified in the ESD
are grouped into top events for the corresponding event tree.
The process used in constructing ESDs is described in Sections 5.2 and 5.3. The driving factor
in defining the level of detail in the ESDs is to be able to distinguish the application of the
correct procedures for each scenario. Experience has shown that this approach to ESD
development is particularly useful in communicating with operations personnel and soliciting
their crucial input to both the sequence definition and the human reliability assessment process.
When developed to this level of detail, the ESDs provide the following key inputs to the risk
assessment process:
•
•
•
•

Document assumptions regarding accident progression for use in event tree development.
Define top events and boundary conditions for systems analysis.
Define sequence boundary conditions and dependencies for human actions analysis.
Support future efforts to develop accident management strategies.

3.4.4 Support System Event Trees
The next step in the accident sequence development process is to develop the event trees
themselves. The event tree linking methodology employed in this evaluation uses a separate
event tree to model the response of the support systems to the initiating events. The motivations
for this are several. The most important is that previous power reactor PSAs have consistently
shown that support systems such as electric power, service water, and room cooling have a
higher propensity to be risk significant than all but a few frontline systems. By giving them
visibility in the event trees, there is less chance that their role will be overlooked in areas such as
human reliability. A second reason is the need to arrange the top events in an event tree so that
the sources of dependency are on the left of the tree and the impacts of these sources are on the
right. If we were constructing a single large event tree, the support systems would be on the left
because many frontline systems are dependent on them. With the modularized technique
employed in RJSKMAN, as illustrated in Figure 3-2, a separate set of support systems event
trees is used for this purpose.
Another motivation for this approach is that support systems tend to be normally operating
systems as opposed to standby-type systems. In placing the support system event trees first on
the left, we are in position to query the status of the support systems immediately after the
occurrence of the initiating event prior to resolving the responses of the frontline systems. In this
way, the operability of the frontline systems as well as the dynamic operator actions in the event
trees can be conditioned on the status of the support systems as well as the frontline systems.
The top events defined for the support trees were selected based on the functional intersystem
dependencies described in Section 7.1. Individual trains of a single support system are often
represented by multiple top events (i.e., one top event for each train), so that the affects of
different support system train failures can be tracked for each sequence path.
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3.4.5 Frontline System Event Trees
Once the frontline system requirements have been identified (i.e., once the HIFAR ESDs have
been constructed) for the initiating events that have been grouped according to plant response,
the frontline event trees are then constructed. The particular way that frontline event trees are
constructed is determined by the characteristics of the RISKMAN software that is used for this
purpose. An example event tree developed in the RISKMAN environment for HIFAR is
illustrated in Figure 3-4.
The RISKMAN event tree format uses a subtree technique to represent a large event tree
structure, 7,540 sequences in this example, on a single page. The left-hand column of sequence
numbers identifies whether a subtree is used on each path. Thus, it can be seen that the 6th event
tree path ends in subtree XI, whose structure is revealed in the tree above in sequences 2
through 5. In the adjacent column, the sequence number range for the expanded tree is listed.
This particular tree is fairly large because it explicitly considers not only the normal primary and
secondary cooling strategies, but also specific alternative cooling strategies if the normal ones
are determined to be unavailable. The frontline event trees developed for HIFAR are presented
in Section 5.
The frontline top events selected for each tree are a function of the systems required to mitigate
each initiating event that will use the tree for accident sequence frequency quantification. The
top events are ordered such that the split fractions for each top event depend on the preceding top
events in the tree. Typically, this means that the frontline top events are arranged temporally.
Only if a system performs multiple functions (e.g. for injection and recirculation) would the
order likely deviate from a temporal arrangement.
3.4.6 Plant Damage States
The last step in the definition of Level 1 event sequences is to assign end states to the Level 1
sequences. These end states include successful termination and core damage states. The latter
states are normally referred to as plant damage states (PDS) and also serve as the entry states to
the Level 2 portion of the scenarios as defined in the containment event tree. The development
of the plant damage states is described in Section 4.4.
3.4.7 Assignment of Scenarios to Plant Damage States
Assignment of individual scenarios to a specific plant damage state is accomplished through the
use of logic rules. "Success" and "failure" of the top events that define a sequence are logically
related to a specific plant damage state. These "binning rules" are fully described in
Reference 3-10.

3.5 Level 1+ Sequence Quantification
In the previous section, a full set of accident sequences were defined that cover the progression
of the scenarios from the initiating events to either successful termination or core damage as
defined by the plant damage states. The purpose of this section is to describe the quantification
of these sequences. The principal objectives of this quantification are to obtain a list of
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sequences, realistic estimates of the frequencies of these sequences as expressed in units of
events per reactor-year, a quantification of the range of uncertainty in these estimates, and to
understand the key risk-controlling factors that drive the results. Such an understanding is
needed to be able to evaluate plant features that produce the risk results and to identify any
potential plant vulnerabilities.
When the Level 1+ portion of the event sequence model is quantified, results are obtained for
core damage frequency as well as the frequency of any special groups of core damage sequences,
such as those groups determined by initiating event, plant damage state, or any other sequence
parameter that is resolved in the Level 1+ event trees. The results of the Level 1+ quantification
can be used to determine the resolution of potential plant vulnerabilities in the systems or actions
needed to protect the reactor core, stored irradiated fuel, or tritium in the primary circuit. Such
vulnerabilities, if any, would be evident in the results for core damage frequency.
To quantify the Level 1+ event sequence model, it is necessary to develop a variety of different
types of models that are needed to quantify different elements of the accident sequences and to
construct a database that relates the various parameters of these models to the available evidence.
This evidence includes various types of data that have accumulated at the plant being assessed
and at other similar plants, as well as expert information.
A flow chart illustrating the key elements of Level 1+ sequence quantification is presented in
Figure 3-5. Although not explicitly shown, these elements include:
•
•
•
•
•
•
•

Systems Fault Tree Models
Human Reliability Models
Electric Power Recovery Models
Models for External Events
Plant-Specific PSA Database
Event Sequence Quantification Using the RISKMAN Software
Quantification of Uncertainty

Each of the above elements of the sequence modeling and quantification process is accomplished
by the analyst using the RISKMAN PC-based workstation software that meets 10 CFR 50,
Appendix B (Reference 3-9). A more complete description of each of these elements is provided
in the sections below and in Reference 3-10, including a description of how RISKMAN is used
to implement each step.
3.5.1 Systems Analysis Models
The systems analysis task assesses the likelihood that a system will fail to meet its functional
success criteria defined by the plant response event tree model top events. The method by which
this is accomplished is fault tree analysis. Most of the split fraction values that are needed to
quantify the event trees are obtained via the systems analysis task. Other split fractions are
obtained directly from data analysis, or from the human reliability analysis task.
System failures may result from independent or common cause equipment hardware failures,
human error, or from combinations of equipment failure, human errors, maintenance actions, and
testing activities. Specific system failures (e.g., support system failures and, in limited cases,
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frontline systems) may affect the availability of other systems, or they may directly affect the
ability to mitigate the consequences of accidents or transient events; e.g., frontline system
failures. The qualitative systems analysis identifies physical and functional dependencies among
the systems, and the qualitative results are used in constructing the plant event tree models. The
logical structure of the event trees, in turn, defines sequence-specific success criteria for system
performance and boundary conditions within which the system is required to operate. Therefore,
the systems analysis task provides:
•

Engineering knowledge about the plant systems needed to develop the plant risk model;
i.e., dependency matrices and event tree models.

•

Input for quantification of the integrated plant event tree models; i.e., failure likelihood of
each top event split fraction for specified boundary conditions.

Each system analysis contains the elements required for system success as defined by the event
tree system split fractions. The development of the database used for quantification of the
system models is described in Section 3.5.4. The plant-specific operating and test procedures are
reviewed during the qualitative systems analysis task done with the plant familiarization task.
Human errors during testing that could contribute to system unavailability are included in the
systems models.
The systems analysis task is carried out in the following steps:
•
•
•
•
•
•
•
•

Selection of Systems to Be Analyzed
Qualitative Analysis
Definition of Top Events and Split Fractions
Fault Tree Development
Common Cause Modeling
Quantification of Basic Event Unavailability
Specification of System Alignments
System Model Qualification

An overview of each step is provided below.
•

Step 1 — Selection of Systems to Be Analyzed. Plant systems are initially screened to
determine whether they need to be considered in the definition or quantification of
accident sequences. These include any frontline systems that could cause, influence, or
mitigate a sequence of events involving a reactor vessel cooldown and/or flow/
temperature transient in the main or secondary cooling systems or systems that support or
interface with these frontline systems. Systems of interest also include those associated
with cooling, storage, or transport of irradiated fuel. The systems selected fall into the
following general categories:
—

Frontline Systems Categories
•
•
•

Reactivity Control Systems
Primary System Flow
Secondary System Flow
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•
•
•
•
•
—

Support and Interfacing Systems Categories
•
•
•
•
•

•

AC and DC Electric Power Systems
Chilled Water Systems
Room Cooling and HVAC Systems
Reactor and Plant Protection/Actuation Systems
Compressed Air System

Step 2 — Qualitative Analysis. After the systems screening, a qualitative evaluation of
each of these selected systems is performed. These evaluations generally include:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

•

Primary Circuit Inventory Control Systems; e.g., Liquid Level System
Emergency Core Cooling Systems
Containment Heat Removal, Isolation, and Filtration Systems
Irradiated Fuel Transport Systems
Irradiated Fuel Cooling Systems

System Function
System Success Criteria
Support Systems Required for System To Perform Function
Systems Supported
System Operation and Special Features
Testing
Maintenance
Potential for Event Initiation
Technical Specification Requirements
Modeling Assumptions
System Logic Model (Fault Trees)
References

Step 3 — Definition of Top Events and Split Fractions. This step involves combining
the outputs of a number of tasks into a concise set of systems analysis requirements to
focus the quantitative analysis. The requirements are conveyed to the systems analyst in
the form of top event and split fraction definitions. The categories of information
comprising each and the source of that information are summarized below.
The top event defines the functional requirement specified in the event sequence model
for the system, the success of which will bring the fuel in the core, in storage, or being
transported closer to a safe, stable condition. Conversely, the failure of the top event
function will place demands on other functions, or may ultimately result in damage. The
top event definitions consists of the following parts:
—

Definition of the Function to Be Performed. This is a concise statement of the
physical process to be accomplished. This statement is directly based on the use of
the top event in the event tree model.

—

Success Criteria for that Function. This is a specification of how many items of
equipment must operate, the alignment under which they must operate, and their
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mission time. Physical analysis of the plant design and thermal hydraulic analysis
of the accident conditions are evaluated to give the minimum required equipment to
provide the function successfully.
—

Model Boundaries under which the Function is Performed. This is a summary
of the system equipment required to accomplish the function and of any operator
actions available to either implement or back up the function. The qualitative
analysis of systems provides information as to how the system can perform the
function.
The grouping of system equipment among the top events is performed in the
support and frontline event tree development task.

The split fractions defined for each top event further delineate the conditions under which
the top event function is demanded. These alternate conditions arise from three general
sources:
—

Support systems necessary for its operation. The qualitative analysis of the
systems, as reflected in the dependency matrices, provide this information.

—

Conditions established by the specific initiating event being addressed in the
accident sequence frequency quantification. The course and fine grouping of
initiating events defines these dependencies.

—

Functional dependencies created by the success or failure of top events questioned
earlier in the event tree. These dependencies are obtained by reviewing the plant
conditions generated by the earlier events as related in the event sequence diagrams
and event trees.

Definition of split fractions involves two steps:
1. Identification of the intersystem dependencies
2. Determination of what combinations of these conditions influence the likelihood that
the function can be successfully accomplished in similar ways.
To make the number of split fractions that need to be quantified reasonable, the accident
sequence analyst must establish categories of conditions and assign the various
combinations of intersystem dependency failures to each of these categories. This is
done manually using a combination of truth tables and reasoning regarding the influence
of the failures on the function being modeled.
Step 4 — Fault Tree Development. The systems of interest for a PSA study are
modeled with fault trees. Fault trees provide a logical and convenient mechanism for
quantification of the event tree top events by providing a structured format for identifying
various combinations of equipment faults and human errors that are both necessary and
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sufficient to cause system failure. This detailed breakdown of system failure in this way
serves four primary purposes:
1. Provides a method for communicating the principal ways in which a system can fail,
and provides insight into means by which such failures can be prevented or their
impact of failure reduced.
2. Allows a calculation of the probability of system failure by defining failure according
to its constituent parts for which statistically relevant failure rate data exist. This is
done through the generation of minimal cutsets to be used to develop a quantification
model.
3. Allows dependencies among and within systems to be explicitly defined. Those
"among" systems are incorporated into the sequence quantification via the support
system event tree and/or "conditional split fractions."
4. Permits basic events associated with common cause failures within a system to be
accounted for by adding to the fault trees in accordance with the procedures outlined
in Step 5 and in accordance with NUREG/CR-4780 (Reference 3-6).
As with event trees, fault tree modeling is a common practice in PSA development and is
well documented throughout the industry, so an extensive discussion of the subject is not
included here. Reference 3-1 provides a good review of the basic approach to fault tree
development. Certain specifics related to their application in this analysis are discussed
below.
Certain aspects of system modeling are plant and component-specific; they must be
determined by the analyst and adequately reviewed. These judgments are documented in
the system analysis documentation. Fault tree construction ground rules were developed
and followed for this project regarding:
—
—
—
—
—

Level of Modeling Detail
Naming of Basic Events
System Interfaces
Failure Data Sources
Human Error Modeling

The fault trees model plant systems to the major component level; examples are pumps
failing to start, valves failing to open and heat exchangers rupturing per unit time. The
status of required support systems necessary for successful operation of the modeled
system, and other intersystem dependencies are modeled as house events in the frontline
system fault trees. The house events are then quantified as either guaranteed success or
failure in the individual split fractions, to account for the condition of the plant based on
top event failures up to that point in the sequence. Using this approach, one fault tree can
be used to quantify the failure frequency of the system's top event function for a wide
variety of plant conditions.
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As two examples of the use of house events, consider the conditions modeled in
Figure 3-6. In the first example, consider a check valve in an active flow path that is
normally open. In most accident sequences, its only failure mechanism would be
plugging. However, during the temporary loss of AC power following a loss of offsite
power (LOSP) initiator, the valve will swing shut. When the pump is restarted, the check
valve can fail to reopen, adding a new failure mechanism to the flow path failure mode.
The house event LOSP is guaranteed failed when the system is quantified for the loss of
offsite power initiator, or a loss of offsite power occurs during an event sequence. It is
guaranteed success for all other initiators. For this system model, the AND gate allows
the system to fail by a failure of a check valve to open only in those sequences where a
loss of offsite power has occurred.
The second example shows how to model most support system dependencies. The house
event is placed in the fault tree with an OR gate in series with the components or function
it supports. In that way, the function will fail if either the frontline hardware fails or the
support system is failed.
Component control circuits are generally not included in fault tree models. However, the
circuits are examined to verify system operation and to ensure that interlocks between
components are not overlooked. System models are normally developed for major
actuation circuits down to the relay/pressure switch level. No attempt is made to extend
these models to the contact level, although circuits are reviewed to that level. (The
reason why component control circuits are not explicitly shown in the fault trees is that
their contribution to failure is included in the failure data for the individual components.)
•

Step 5 — Common Cause Modeling. The contribution to system unavailability from
common cause dependent failures is treated by the multiple Greek letter (MGL) method
for each system analysis, according to the general methodology described in
NUREG/CR-4780 (Reference 3-6). To incorporate common cause events into the
systems analysis, the analyst determines the populations of components subject to
common cause failure mechanisms. These include consideration of:
—
—
—
—

How groups of components are used.
The extent of their diversity, design, manufacture, and type (if any).
The physical proximity or separation of redundant components.
The susceptibilities of system components to varied environmental stresses.

Similarity in design, manufacture, and type among components of different trains implies
the existence of strong dependencies. On the other hand, common cause effects would
not be expected for dissimilar equipment. To account for these factors, the analyst must
identify those components in the system that will be included from the common cause
analysis and categorize common cause groups of components for systems of interest.
A common cause group of components has a significant likelihood of experiencing one
or more common cause events affecting two or more components in that group. Based on
experience in evaluating operating data, the following guidelines are developed to help
assign component groups:
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—

W h e n identical, nondiverse, and active components are used to provide redundancy,
they should b e considered for assignment to common cause groups, o n e group for
each identical redundant component.

—

T h e likelihood of common cause events linking diverse components in the system
can be assumed to be negligible compared to identical, nondiverse, and active
components that are present in the system.

—

W h e n diverse major components serving the same function have parts that are
identically redundant, the components should not be assumed to be fully
independent. (One approach is to break down the component boundaries and to
identify the parts as a common cause component group.)

—

W h e n each redundant leg of a system contains one or more active components, the
contributions due to both independent and common cause events involving passive
components are generally insignificant in the calculation of system unavailability.

—

In redundant systems in which no identical active components or parts c a n b e
identified, n o common cause grouping need be attempted.

Typical types of components and failure modes normally considered for c o m m o n cause
modeling are listed in Table 3-5. A comment is offered on the failure modes listed in
Table 3-5. Failure modes for a group are identified as "fails to start" and "fails during
operation," for example. These modes best describe the r a w data taken from numerous
plants and include specific failure causes such as failure of indication systems (states not
revealed or uncertain). D u e to practical limitations, all o f the possible ways that similar
components within a system can be grouped for common cause analysis m a y not be able
to be modeled.
Once the common cause groups have been determined, the groups are entered as input to
R I S K M A N , which automatically generates common cause basic events to the fault tree.
Each o f these basic events accounts for each unique w a y in which a causal event can
impact a different combination of components within t h e group in accordance with the
procedures set forth in Reference 3-6. F o r example, if components A , B , and C are in a
common cause group, the following n e w basic events are added to the tree:
CA

= causes that result in failure of component A only.

CB

= causes that result in failure of component B only.

Cc

= causes that result in failure of component C only.

CAB

=

C BC

= causes that result in failure of components B a n d C.

causes that result in failure of components A and B .
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CAC

= causes that result in failure of components A and C.
=

causes that result in failure of components A, B, and C.

Once a component is added to a common cause group, the component failure in the
original fault tree is no longer a basic event. The RISKMAN code develops a subtree for
each component basic event that includes the appropriate set of common cause events for
that component, as illustrated in Figure 3-7. The common cause events in that group
become the new basic events for every component in the group. Because of this, final
Boolean reduction of the fault tree cannot be performed until the common cause basic
events are added.
•

Step 6 — Quantification of Basic Event Unavailability. To quantify a split fraction,
the basic events appearing in the top event fault tree must be quantified in terms of basic
database variables and parameters defined during the event sequence and systems
analyses.
The basic event unavailabilities are determined by identifying the failure modes for the
components making up the basic events and by assigning failure rates to the failure
modes from the basic event database. The basic event database is developed in the Data
Analysis Module of RISKMAN.
The calculation of component unavailability is best explained by a few examples.
—

For a standby pump to be unavailable for an emergency mission, it may fail to start
on demand or fail during operation.

—

For a normally closed, motor-operated valve (MOV) to be unavailable to pass flow,
it may fail to open on demand or fail to remain open during the mission time.

—

For a normally open, motor-operated valve to be unavailable to pass flow, it may
fail to remain open during the mission time or during the period of time between the
previous test and the initiating event.

The unavailability for these three components can then be modeled as
Qps = standby pump unavailability. (Pump must start and run for tM hours.)
>*M

Qvc = normally closed MOV unavailability. (Valve must open and remain open
for tM hours.)

*Note: A.t is an approximation for the exact expression 1 - e'Xt (see Reference 3-11).
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Q v 0 = normally open M O V unavailability. (Valve must b e open a n d remain open
for t M hours.)
- VT t */2 + M M *
where the following parameters are selected from the basic event database for the size
and type o f component and the failure m o d e being modeled:
q ps = demand failure rate for p u m p ; failure to start p e r demand.
Xp = operation failure rate for p u m p ; failures per operating hour.
q vo = demand failure rate for M O V ; failure to open per demand.
Xv = transfer closed failure rate for M O V ; failures per operating hour.
Furthermore, the following parameters are obtained from the event sequence analysis and
qualitative system analysis as indicated:
T, = system flow test interval (hours), which is obtained during the qualitative
systems evaluation and recorded in the system notebook.
t M = system mission time (hours). This value is specified in the success criteria o f
the t o p event.
The R I S K M A N Systems Analysis Module provides w i n d o w formats to enter basic event
quantification equations for each basic event in the fault tree. Parameters such as mission
time can be given a local variable name so that it need b e changed only once in the event
of a model change. A mission time of 2 4 hours is typically assumed. T h e set of
quantification equations is stored in a c o m m o n basic event database. A number o f
reports are available to the user to verify the consistency o f basic event modeling
assumptions throughout the plant model.
The basic event quantification window m a k e s it possible to reduce the number of system
cutsets by the lumping of series component failure modes into "super component." Care
must b e exercised to ensure that none of the components combined in this manner are
subject to c o m m o n cause grouping. Normally, this technique is only useful for reducing
the number of independent failures that need to b e processed b y the minimal cutset
generator.
•

Step 7 — Specification of System Alignments. Having developed the system logic
model, the next step is to convert the logic model into an algebraic model that can b e
quantified. T h e logic model defines the combinations o f basic events that cause the fault
tree t o p event t o occur. T h e algebraic model permits t h e quantification o f fault tree t o p
event likelihood in terms of the parameters of the database for the conditions established
by the event sequence model.
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The logic model discussed in the previous section was developed for the normal
alignment case. The initial conditions for the normal system alignment assume that no
equipment is unavailable due to test or maintenance at the time of the initiating event and
that all support systems are available. However, when the system is under maintenance
conditions or test alignments, the equipment may be functionally unavailable due to
system configuration changes, such as valve position changes. Therefore, in addition to
the component failure modes of the system identified in the logic model development
task, the analyst must also identify the important causes for the unavailability of
components in the system. These include:
—

Functional Unavailability due to Lack of Required Support. This is accounted
for by specifying the success or failure of the support system house events. These
house events are either "true" or "false," as designated by the boundary conditions
for each split fraction that models a possible combination of support system states.
Minimal cutsets are obtained separately for each split fraction by assuming each
basic event failed by that split fraction's boundary condition to have occurred (i.e.
assumed failed) and by re-reducing to provide a different list of minimal cutsets for
each split fraction.

—

Independent and Common Cause Hardware Failures. These failures include
undetected failures while in standby, failures on demand, and failures during
operation.

—

Test and Maintenance. System unavailability may change when test or
maintenance is in progress. Since technical specifications do not allow systems
with redundant trains to be disabled during test and maintenance, additional failures
must occur for the system to fail.

—

Human Errors. System misalignments may occur due to errors of omission and
commission, particularly for periodically performed tests or maintenance.

A large number of dependencies can greatly complicate the logic models and create
problems with the software that must perform the steps of Boolean reduction and
minimal cutset quantification. Many of these complexities stem from the fact that the
system can be in a number of different alignments at the time of the initiating event and
the likelihood of occurrence of system failure causes can be highly dependent on the
alignment. For example, if one part of the system is down for maintenance, it is much
less likely, and perhaps a violation of technical specifications, to have other redundant
parts out of service at the same time. In addition, the normal valve positions, breaker
positions, or pumps designated for standby can change from one initial alignment to
another.
In principle, the above complexities can be modeled directly in the fault trees, but they
make the trees very complicated, difficult to check, and create problems with the fault
tree software. Many of these dependencies would require the use of complement events,
which most fault tree software cannot handle properly.
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To tackle these problems, RISKMAN decomposes the models for each split fraction into
a number of different alignments.
The alignment concept is used to decompose the model of each split fraction, F(SF;), into
contributions from individual alignments according to the following equation:

N
F(SF,) = ] T

1F(AJ) * F(SF, * A-)

(3.1)

1
where
F(Aj)

= fraction oftime the system is in alignment Aj.

F(SF; | Aj) = conditional frequency of split fraction SFj, given that the system is in
alignment Aj.
N

= total number of different alignments.

Equation (3.1) is exact as long as the set of alignments considered are both mutually
exclusive and complete. The approach to implementing the alignment concept in
RISKMAN is to first develop a fault tree for the "normal alignment" in which no test or
maintenance is in progress. Then, the models for the separate alignments are developed
as special cases of the fault tree, and each one is analyzed separately through Boolean
reduction and quantification. The separate models are integrated automatically by
RISKMAN, which applies Equation (3.1) to construct the split fraction model from the
individual alignment models.
•

Step 8 — System Model Quantification with RISKMAN. RISKMAN generates
several versions of the fault tree minimal cutsets: one for the basic model of the top
event, one set for each split fraction within each top event, and one set for each alignment
within each split fraction. The cutsets for each alignment are constructed with the use of
Equation (3.1) in terms of alignments. For each alignment within a split fraction, a
separate set of minimal cutsets is generated by a switch on the appropriate house events
to reflect the components not in service for that alignment and to change the set of
component failure models that apply for that alignment. The minimal cutsets are then
converted into algebraic equations that can be used to quantify the frequency of each
system split fraction. The alignment contributions are summed to give the total for a
particular split fraction.
The basic algebraic models that are generated by RISKMAN are based on the cutsets,
which are, in turn, based on the basic events from the fault tree input. These basic events
must be related to failure designators from the database. RISKMAN allows the system
analyst to provide an equation that applies to each basic event, and may include database
variables, local variables, or constants.
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The fault trees, common cause models, system split fractions, cutsets, and basic events
are managed and quantified through application of RISKMAN, which stores the basic
events and combines them, as necessary, for quantification of the split fractions. A
simplified schematic of the use of RISKMAN for systems analysis is presented in
Figure 3-8.
The top event split fractions are quantified using component failure data, maintenance
frequency and duration data, human error rates, and common cause parameter data stored
in the RISKMAN database file. RISKMAN uses the Monte Carlo and Latin Hypercube
techniques to combine the uncertainty distributions for the database failure parameters
modeled in each split fraction equation. This results in a mean or point estimate value
and a probability distribution that quantifies uncertainty in the likelihood of each split
fraction. The mean values of these uncertainty distributions are used initially to quantify
the support and frontline event trees. Subsequently, the probability distribution for each
split fraction is used in the plant model uncertainty analysis for the identified important
sequences.
The results of the quantification for each split fraction are stored by the RISKMAN
software in the master frequency file (MFF), which is used to quantify the event trees.
The MFF includes a split fraction identifier, a description of the split fraction, and the
mean value of the split fraction. Multiple MFFs can be used to represent either the point
estimates of the split fraction models or the means of the Monte Carlo simulations to
quantify uncertainty in the split fraction values. Split fractions are produced by not only
the systems analysis but also by human reliability analysis for top events involving
operator actions and, in some cases, values directly from the failure rate database. In
addition, RISKMAN produces a number of reports that permit the detailed analysis of
system results.
3.5.2 Human Reliability Models
The approach to human interaction modeling emphasizes a close coordination with plant
operators and a thorough review of their procedures. The following types of human actions are
quantified:
•

Routine Actions before an Initiating Event. Routine actions are considered in the
analysis of individual systems. They involve restoring a component or flow path to
normal after completing testing, inspection, or maintenance and ensuring that the sensing
equipment is correctly aligned and calibrated for automatic response to emergency
actuation conditions. Errors that are important to plant risk leave equipment disabled or
in an undetected, misaligned state, causing it to be unavailable to accomplish its function
on demand during an event sequence.
The numerical estimates for errors during routine actions are evaluated using the methods
of Swain and Guttman (Reference 3-12). These methods have been implemented by
developing distributions that could apply to a range of surveillance procedures depending
on type of potential error, location of the action, and complexity of restoration for
restorations that include an independent verification.
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•

Actions That Can Cause Initiating Events. Actions that can initiate plant transients are
implicitly accounted for in the quantification of initiating event frequencies to the extent
that these human actions are the cause of such events.

•

Dynamic Operator Actions That Take Place Following an Initiator. This type
accounts for the operating team's ability to manually align, initiate, and control plant
equipment to mitigate accidents. These tasks are generally guided by plant emergency
response procedures.

An adaptation of SLIM is employed in this study to quantify the dynamic human actions. This
methodology is based on the assumption that the likelihood of operator error in a particular
situation depends on the combined effects of performance-shaping factors (PSF) that influence
the.ability of the operator to accomplish the action successfully.
The study team has adapted SLIM through the use of a set of forms and instructions to explain
and expand on the procedure proposed by Embrey (Reference 3-13).
First, each dynamic action is qualitatively described in detail and related to the plant event
sequence model using an operator response form. Once the actions are adequately described,
seven PSFs are used to relate the impact of:
•

Conditions of the work setting under which the action must be accomplished. The PSFs
for this are as follows:
—
—
—

•

Requirements of the task itself. The PSFs that describe this are as follows:
—
—

•

Significant preceding and concurrent actions.
Plant interface and indications.
Adequacy of time to accomplish the action.

Required actions and procedural guidance.
Complexity of the task relative to resources, coordination, and location.

Psychological and cognitive condition of the operators. The PSFs that consider this are
as follows:
—
—

Training, and experience relative to the action.
Stress due to the situation and environmental conditions.

The performance-shaping factors are rated against two criteria:
1. A weight that relates the relative influence of each PSF on the likelihood of the success of
the action.
2. A ranking that relates whether the PSF helps or hinders the operator to perform the
action.
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The ranking addresses the actual conditions under which the specific action must be
accomplished. The weight describes the extent to which the operators believe how much the
conditions relative to a specific PSF actually impact the potential for success or failure of the
action. If it is not a factor that controls the ability of an operator to do the action, it is weighted
low or insignificant. Guidelines for rating PSFs enable these ratings to be consistently applied
for all actions.
One of the premises of SLIM is that the evaluation team can rate the weight and ranking
independently. The thought process necessary to distinguish between these two orientations of
the rating process is stressed in the initial training of the raters. In addition, the human actions
analyst provides feedback to the raters during the evaluation process regarding the broad
qualitative interpretation of their ratings. For this application, SLIM has been slightly modified
so that the operators can scale the degree of difficulty rather than the potential for success when
they rate the actions. This change in orientation produces a failure likelihood index (FLI) rather
than a success likelihood index. This has the advantage of quantitatively highlighting the causes
of operator difficulty. A high degree of difficulty, combined with a large weight, points to the
primary area of concern for accomplishing an action.
The human error probability quantification is performed by first combining the PSF weights and
rankings into a single score for each action. This score is referred to as the failure likelihood
index, or FLI for the action. The actions are then sorted by the FLI for each. Actions with a high
FLI are expected to have the higher error rates. Actions with relatively low FLI are expected to
have low error rates. The formula for computing the FLI of a single action is as follows:
7

FLI=Y2w i r i

(3.2)

where w; is the weight for PSFj and ^ is the ranking for PSFj.
In earlier applications of the above variation on the SLIM approach, human error rates were then
developed by comparison against a straightline relationship between the FLIs developed for a set
of calibration tasks with known or accepted error rates. In this study, comparisons are again
made against well publicized and accepted error rates; i.e., from Reference 3-18. However, for
this assessment, engineering judgment was used along with comparisons against the calibration
task error rates to develop the final human error rates used.
Key features of the assigned error rates are their consistency with available data, observed human
behavior, and the results from comparable expert evaluations of similar activities.
Uncertainty distributions are developed for each evaluated human action error rate. The
magnitude of the uncertainty of the error rate is determined in part by the magnitude of the
nominal error rate and also by the assigned weights and rankings of the PSFs. If substantial
uncertainty existed in the assigned weights and rankings, a larger uncertainty results.
The final results from the evaluation and the quantification are displayed in a tabular format that
allows easy review, comparison, and identification of the most important factors influencing
each assessment.
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3.5.3 Incorporation of Recovery Actions
Care is taken in fully articulating a sequence to properly account for dependencies that the
scenario may place on operator actions. For that reason, the most important operator actions are
included as specific top events in the event trees rather than combined with hardware availability
logic in the fault trees. By placing the operator actions in the event trees, specific values for the
actions in individual sequences can be chosen.
Operator actions not explicitly included in the initial formulation of the event trees are typically
considered for specific sequences if their exclusion is found to be quantitatively important during
the initial quantification. These additional actions are referred to as "recovery" actions, and, like
all dynamic operator actions, must be evaluated for each scenario or group of similar scenarios to
ensure all important dependencies have been considered.
Recovery may also address the reinstatement of failed equipment. Again, such actions must be
considered carefully to properly account for dependencies.
Recovery of electric power is commonly considered in most PSAs. Accident sequences
involving station blackout are frequently found to make important contributions to risk in PSAs.
Because of the importance of these sequences, a realistic treatment of the possibilities for
recovery of both onsite and offsite power is needed to obtain realistic frequencies for such
sequences leading to core damage. To treat such sequences, time-dependent models are needed
to account for important time-dependent interactions. These interactions include:
•

The time-dependent nature of the occurrence of station blackout created by the
possibilities for one or more diesel generators starting but failing to continue running
before offsite power is restored, whose probability is also a function of the amount of
time lapsed from the loss of offsite power occurrence.

•

The finite time required to deplete the station batteries, after which the major part of the
plant instrumentation is lost, as is the capability to operate certain electrical breakers
needed to recover electrical power and to start and excite the diesel generators.

•

The finite time available to restore electric power before boiloff RAT inventory leads to
core damage. The specific processes of interest are determined on a plant-specific basis.

To compound the above complexities, many of the parameters of the above processes exhibit
large uncertainties. To address these complexities, time-dependent models that consider the
interactions between above processes are derived from the following equation for a minimum
time of 24 hours:

F(EP,T) =

f(x)[l - G(x + T)][l - H(T)]dx3
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(3.3)

where
F(EP,T) = probability that there is no onsite or offsite power T hours after the occurrence of
station blackout; i.e., T hours after the loss of onsite power when offsite power
has not been recovered.
f(x)dx

= probability density function for failure of the onsite power system in the time
interval (x, x + dx) after the loss of offsite power at time 0.

G(x+T) = probability that offsite power is restored within x + T hours after loss of offsite
power.
H(T)

= probability that onsite power is restored within T hours after the beginning of the
station blackout.

T

= time interval between the beginning of the station blackout and the point of no
return for the return of electric power to prevent core damage. (Note that T is a
function of x, the time after LOSP when station blackout initiates.)

The function f(x)dx accounts for all combinations of diesel-generator failures to start and to
continue running, independent failures, common cause failures, and initial unavailabilities due to
maintenance. The recovery functions are also a function of battery life.
The above equation is applied differently to each unique sequence to account for the following
types of dependencies:
•

Depending on the initiating event, offsite power or one or both diesels may not be
recoverable. For example, a flood may damage the switchgear.

•

The time available to restore electric power during a station blackout is dependent not
only on the timing of the blackout after loss of offsite power but also on the sequence.

In the initial PSA models for HIFAR, a substantial simplification of Equation (3.3) above can be
achieved by conservatively assuming that all failures of the onsite power system occur at time 0.
Then, Equation (3.3) reduces to:
F(EP,T) = 1 • G(T) • [1 - H(T)]

(3.4)

This conservative approach is judged adequate for HIFAR because the times T of interest are on
the order of 1 or 2 hours when there would be only limited time available for repair of a failed
diesel generator. Even if electric power is not recovered before time T, at HIFAR there is still
the possibility for RAT flooding, which requires no electric power.
3.5.4 Failure Rate Database
The principal objective of this task is to develop a database that addresses the relevant
parameters of the PSA models and that accounts for the actual HIFAR operating experience of
the plant and equipment being assessed. While this experience is frequently documented in
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various forms to support both in-house and regulatory reporting requirements, significant effort
is required to collect, interpret, and analyze this evidence to put it in a form that could be used in
the PSA.
There is insufficient plant-specific operating experience to support a direct prediction of the
frequency of such rare events as sequences leading to fuel damage or the release of tritium.
Therefore, logic models are constructed to combine more frequent events which together may
lead to an undesired end state. For any event in the model less frequent than about 10"1 to 10'2
per year, the plant-specific data are statistically insignificant. Thus, these plant-specific data
must be supplemented with data from other sources, such as data from other relevant nuclear
facilities, and with subjective estimates of experts.
This section describes both the collection of plant-specific and generic data methods for
combining these data to produce uncertainty distributions for each PSA model parameter. The
collection of the sources of data other than plant-specific data is referred to as "generic data."
A generic database for PSA has been collected (Reference 3-14). Bayesian methods have been
used in this study for combining these data sources into a plant-specific database
(Reference 3-15).
The event sequence modeling parameters in the database are primarily associated with the
models needed to quantify the initiating event frequencies and the system fault trees. The
specific types of parameters that need to be addressed include:
•

•

Initiating Event Frequencies
—

Internal Events

—

External Events

Component Failure Rates
—

Failure Rates per Demand for Standby Components

—

Failure Rates per Hour for Operating Components

•

Common Cause Failure (MGL model) Parameters

•

Component Maintenance Unavailability

— Maintenance Frequency
— Maintenance Duration
3.5.4.1 Overview of Database Development Process
The database development process was organized into a series of 10 steps, as illustrated in
Figure 3-9. A brief description of each step is provided below.
•

Step 1 — Identification of Generic Data Sources. Development of a generic database
requires the identification, collection, and review of a number of generic data sources. In
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general, each data source is designed for a special purpose, thereby imposing certain
limitations on its usefulness. A single data source rarely provides all of the required
information on a specific subject.
A significant number of generic data sources containing nuclear and conventional power
plant data currently exist (References 3-16 and 3-17). However, not all of these sources
contain data that are usable, either directly or indirectly, for the purpose of a PSA. In this
step, some of the more applicable generic data sources that apply to the HIFAR PSA
being conducted are identified.
Step 2 — Preparation of an Important "Plant Item" List. The objective of this step is
to select the plant equipment for which data are required. The definition of what failure
modes are and are not included in each component variable in the database is a key part
of the plant item list. An example of these definitions is given in Table 3-6.
The plant item list is developed in coordination with qualitative systems analysis during
plant familiarization. Preparation of a plant item list is important because it reduces the
amount of data which could be collected to that which is actually needed.
The plant item list is used to define the level of detail to which system analysts model the
fault tree basic events. Although, in principle, the plant item list defines the scope of
plant-specific data collection, in practice, the data collection needs to be started well
before the completion of these other PSA tasks. Therefore, to remain practical, a generic
list of plant items is developed with input from other available PSA studies for similar
plants. This list is modified several times before the finalization of other PSA tasks.
Step 3 — Development of a Generic Database. Generic event frequency distributions
are developed based on the following types of generic information:
—

Type 1. Data from operating experience at various nuclear power plants.

—

Type 2. Estimates or distributions contained in various industry compendia, such
as WASH-1400 (Reference 3-16) and IEEE STD-500 (Reference 3-17).

Type 1 information is data collected from the performance of similar equipment in
various power plants. The PLG generic database (Reference 3-4) contains plant-specific
data from about 20 different plants.
Type 2 information, which could be called processed data, consists of estimates based on
information ranging from the opinion of experts with engineering knowledge about the
design and manufacture of the equipment in question to the observed performance of that
equipment in various applications.
The methodology for creating generic failure rate probability distributions uses both
types of information. Such distributions represent the variability of the assessed
quantities from source to source (for type 2 information) and/or from plant to plant (for
type 1 information). In the absence of plant-specific information, these population
variability distributions are also our state-of-knowledge curves.
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•

Step 4 — Identification of Plant-Specific Data Sources. Plant-specific data sources
provide information regarding failure events, maintenance outages, test and maintenance
frequency and duration, and operational data for various plant items. However, this
information is not usually documented in a fashion that can be directly used for
probabilistic analysis. Consequently, plant-specific data sources are identified prior to
starting the data collection process, and the data analyst becomes familiar with the
content of these data sources so that the required information can be retrieved efficiently.

•

Step 5 — Collection of Plant-Specific Raw Information (Part One). ForHIFAR,
plant-specific data were collected for each category of data. This section describes the
process of plant-specific information collection for the following categories:
—
—
—

Component Failure Data (including any common cause failures)
Component Test and Maintenance Data
Initiating Event Data

The required raw data are collected by examining the plant-specific data sources
identified in Step 4. Careful documentation of the collected raw data is performed
because this is vital to the quality, applicability, traceability, and defendability of the
subsequent data analysis and the whole PSA study. When the desired information is not
available, engineering judgment is required to enable use of data.
•

Step 6 — Determination of Exposure Data. The calculation of plant-specific
component failure rates requires both the numbers of failures and the frequency of
challenge, or exposure, information. This information includes the following:
—

—

•

In-Service Hours. Two different categories of component in-service hours are
distinguished:
•

Normally Operating Components. The total number of running hours in
different operational modes in the data period.

•

Standby Components. The in-service hours are obtained by a review of
appropriate plant records and estimates of running durations during surveillance
testing and actual demands.

Number of Demands. The number of demands for both normally operating and
standby components are obtained by a review of appropriate records of actual
demands and evaluation of test procedures.

Step 7 — Processing of Plant-Specific Information (Part One). A two-part approach
is taken to perform the processing of plant-specific raw information. In Part One, the
system analysts review and interpret the information collected in Step 5. The purposes of
this review are to assess and to reduce the raw information to a form suitable for use by
the data analyst. Both the number of failure events and the number of challenges or
exposure period must be discerned. Part Two of plant-specific information processing
(Step 9) is an ongoing effort to process the additional information gathered in Part Two
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of the plant-specific information collection (Step 8) in order to modify and/or efficiently
complete the result of Step 7 within the constraints of project resources; i.e., time and
manpower.
•

Step 8 — Collection of Plant-Specific Raw Information (Part Two). Part Two of
plant-specific raw information collection is an ongoing effort and consists of the
following major substeps:
—
—
—

Collecting additional, required recorded information.
Interviewing key plant personnel.
Adding the results of above substeps to the raw data book.

•

Step 9 — Processing of Plant-Specific Information (Part Two). In this step, the
information gathered in Step 8 is used to modify and/or complete the results of
plant-specific information processing (Step 7) and to prepare final plant-specific data in
different data categories for use in Step 10.

•

Step 10 — Development of Final Plant-Specific Database. The objective of this step
is to provide a suitable plant-specific database for systems unavailability quantification,
as well as initiating event quantification, using the results of previous steps. The required
calculations are performed to determine required PSA parameters in the data categories.
The appropriate distribution for each parameter is developed using the RISKMAN
computer code package as described below.
For those plant items with no plant-specific data, the generic distributions are taken
directly from the generic database. For those plant items with plant-specific data, Bayes'
theorem is then used to update the generic distribution to obtain a plant-specific posterior
distribution. The use of Bayes' theorem to develop both generic and plant-specific
distributions is discussed in the next section.

3.5.4.2 Bayesian Method for Data Analysis
The methodology used to develop the database for this study is based on the Bayesian
interpretation of probability and the concept of "probability of frequency." In this context,
component failure rates are treated as measurable quantities whose uncertainty is dependent on
the state of knowledge of the investigation. The "state of knowledge" is presented in the form of
a probability distribution over the range of possible values of that quantity. The probability
associated with a particular numerical value of an uncertain but measurable quantity indicates the
likelihood that the numerical value is the correct one.
A key issue in developing state of knowledge for the parameters of the PSA models is to ensure
that the information regarding each parameter, its relevance, and its value as viewed by the
analyst are presented correctly, and that various pieces of information are integrated coherently.
"Coherence" is preserved if the final outcome of the process is consistent with every piece of
information used and all assumptions made. This is done by using Bayes' theorem. The
concepts behind the use of Bayes' theorem are discussed in Reference 3-15. This section
describes its application for combining different types of information.
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In the context of a plant-specific PSA, three types of information are available for the frequency
of elemental events:
Type 1 = the historical information from other similar plants.
Type 2 = general engineering knowledge such as that of the design and manufacture of
equipment, sometimes expressed in terms of expert estimate of parameter values
or their uncertainty distributions.
Type 3 = the past experience in the specific plant being studied.
Recall that the information of types 1 and 2 together constitute the "generic" information. Type 3
is the "plant-specific" or "item-specific" information.
It is very important to note that type 1 information brings an element of plant specificity into the
generic data developed for a plant-specific PSA. In general, decisions regarding the relevance
and applicability of different pieces of type 1 information must be made while developing each
generic distribution. A piece of information may be judged as being relevant in developing the
generic data in one PSA and not relevant in another. As a result, generic distributions for
different plant-specific studies could be significantly different.
3.5.4.3 Motor-Operated Valve Example
The application of RISKMAN in the development of a generic distribution (prior) for the failure
rate of motor-operated valves is illustrated in Figure 3-10. As shown in the figure, the generic
distribution is based on plant-specific data collected at six different plants and covering more
than 30,000 actual demands, and three sources of type 2 or expert estimates. Application of the
two-stage Bayesian procedures described to this case produces a distribution that is seen to
envelope the respective point estimates supported by the data sources. Note that if the
107 failures in 32,380 demands represented in the 6 plants were treated using classical statistical
methods, the resulting distributions would exhibit negligible uncertainty because the
plant-to-plant and source-to-source variability would not have been preserved.
Application of the second stage updating process for the incorporation of plant-specific evidence
(posterior) on the plant being assessed is illustrated in Figure 3-11 for two hypothetical cases of
motor-operated valve data. These cases illustrate a very useful property of Bayesian updating in
that the weighting of generic and plant-specific evidence is done "automatically" and according
to the quantity of evidence. In the case of posterior 1, an update with 1 plant-specific failure in
11,000 demands, the generic distribution appears to be shifted down towards the location of the
evidence, 10'3. When five times as much evidence is accumulated for posterior 2, the updated
distribution becomes quite peaked (about 10"3), with little apparent influence of the generic prior.
3.5.4.4 Treatment of Zero Failures
Another useful property of Bayes' theorem is that it provides a consistent treatment of any type
of evidence, even when that evidence is made up from experience data in which no failures were
observed; e.g., the failure rate of a valve that has not failed during N demands. Using Bayes'
theorem, this plant-specific information can be used to update the generic distribution, as shown
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in Figure 3-12. As can be seen in this figure, the posterior distribution is heavily influenced by
the prior distribution for N = 10 demands, indicating rather weak evidence. However, for
N = 1,000 demands, the posterior essentially vanishes for values of demand failure rates in
excess of 3 x 10"3 because of the influence of the likelihood that zero failures would result in
such a large sample if the failure rate were that large. Thus, zero failures does not pose any
problems for the Bayesian approach, and the results are a strong function of the quantity of
evidence; i.e., the number of successful demands.
3.5.5 Event Sequence Quantification Using RISKMAN
Sequence quantification is the calculation of complete accident sequence frequencies. It involves
the combination of the frequency of equipment operation and operator actions in response to
initiating events with the frequency of those initiating events. The sequences of failures that are
of most interest here are those that result in eventual plant damage, although the quantification
process treats all sequences including those resulting in successful event mitigation. This
process requires the assembly of many distinct parts of the PSA model; it can be divided into two
major tasks: sequence assembly and sequence quantification.
Sequence assembly requires the linking of
1. The initiating events that have been identified for the analysis.
2. Support system event trees that model the functional relationship among support systems
(e.g., electric power), the availability of which directly affects the performance of
frontline systems (e.g., shut down D2O pumps) that are needed to respond to the initiating
event.
3. Frontline event trees that model the functional relationship among operator actions,
equipment, and instrumentation in frontline systems that are important to risk.
Sequence quantification requires the assignment of a split fraction value to each branch in each
linked event tree. As described in Section 3.4, a split fraction value is the conditional frequency
of failure of a given event tree top event. It can be dependent on the status of support systems,
the specific initiating event, and on the success or failure of the previous top events of the
support and frontline event trees. In other words, each specific split fraction value represents the
frequency of failure of the event tree top event based on preceding scenario conditions. The
RISKMAN software permits users to specify split fraction assignment logic rules that enable the
program to implement the scenario-based selections.
When the appropriate information is provided, the RISKMAN software quantifies each sequence
through the tree one at a time. Each sequence's frequency is computed by multiplying the
initiating event frequency, expressed in units of expected events per year, by the product of the
branch frequencies along that sequence path. Both success and failure branches are considered.
To account for intersystem dependencies, the branching frequencies are quantified dependent on
the status of preceding top events in the tree. Therefore, the branching frequency for the same
top event but along different sequences in the tree may differ. Each top event may have two or
more split fraction values for the same event tree.
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The result of sequence assembly and quantification is a set of scenarios, each one leading to
either success (i.e., as a safe and stable shutdown condition) or one of various plant damage
states. The frequency of each sequence is therefore established. Together, the sequences include
all of the possible combinations of success and failure of the event tree top events. The
individual sequence frequencies are readily summed by plant damage state to determine the
annual frequency of each plant damage state (and of successful mitigation). The sum total of all
of the sequence frequencies is equal to the sum total of all the plant damage state frequencies
(including success), which is also equal to the sum total of all of the initiating event frequencies.
This is true because the event tree sequences represent a complete set of mutually exclusive
outcomes of the initiating events.
3.5.5.1 Detailed Method for Event Tree Quantification
The assembly and quantification process can be best illustrated with a simple example.
For this simplified example, consider a hypothetical nuclear facility that has only one potential
initiating event called TRIP, which has an annual frequency of 5.0 per year.
The actual event tree development and quantification are carried out by the RISKMAN software,
with instructions provided by the user. To ensure traceability, the instructions that are provided
are documented in reports that describe exactly which event trees, logic rules, master frequency
files, truncation values, and other input values were used to support the quantification. The
following figures are reproductions of those reports for this example. For the convenience of the
analyst, the event sequences can be broken down into a series of linked event trees that model
specific aspects of scenario development. Once inside the program, however, RISKMAN links
together these trees to construct a single, large event tree that spans the entire scenario from
initiating event to final end state.
For support of the frontline systems response to a trip, our hypothetical plant has two trains of
electric power and a service water system with a common discharge header. The service water
system (SW) has two pumps, one powered from each electric power train. Either pump alone
will provide sufficient cooling water.
The functional system relationships are modeled in the support system event tree shown here.
Note that the likelihood of SW failure depends on the availability of the two trains of electric
power (on the success or failure of Top Events EA and EB); thus, the SW split fraction will be
different for each path of the support systems event tree. (To keep this example simple, assume,
unrealistically, that the failure frequencies of the two trains of electric power are completely
independent so that the split fraction value for Top Event EB will be the same for each of its two
failure paths; i.e. given success or failure of Top Event EA.)
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Event Tree: SUPPORT

EA

EB

SW

EA « ELECTRIC POWER - TRAIN A
EB = ELECTRIC POWER - TRAIN 6
SW = SERVICE WATER (BOTH TRAINS)
The support systems provide power and cooling to two frontline systems: FA, which is powered
by train A electric power (Top Event EA), and FB, which is powered by train B electric power
(Top Event EB); both frontline systems are cooled by service water (SW).

Event Tree: FRONTLINE

FA

PB

I
FA
FB

FRONTLINE SYSTEM
FRONTLINE SYSTEM

TRAIN A
TRAIN B

The frontline event tree structure models any functional relationships among frontline systems
but is constructed independent of support system dependencies. Those dependencies are
addressed by the split fraction definitions and logic rules.
Based on the analysis of intersystem support dependencies, the following split fractions have
been defined and quantified using the split fractions from the master frequency file, which
contains all split fraction values for the entire model. These values are determined by the
systems models, from results of the human reliability analysis, and in some cases directly from
plant data.
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Master Frequency File:

SF.
EA1
EB1
FA1

FAF
FBI
FB2
FB3
FBF
SW1
SW2
SW3

EXAMPLE

. SF Value....Split Fraction Description.
1.0000E-03
1.0000E-03
1.0000E-02
1.0000E+00
9.0000E-03
1.0000E-01
1.0000E-02
1.0000E+00
1.0000E-05
5.0000E-03
7.0000E-03

REQUIRED SUPPORT NOT AVAILABLE
CONDITIONAL ON FA SUCCESS
CONDITIONAL ON FA FAILURE
FA NOT CHALLENGED
REQUIRED SUPPORT NOT AVAILABLE
ALL SUPPORT AVAILABLE
ONLY TRAIN A POWER AVAILABLE
ONLY TRAIN B POWER AVAILABLE

The RISKMAN software employs split fraction logic rules to specify when a particular split
fraction applies. The split fraction rules for the example support system event tree are shown
below with an explanation of what each rule means. [For a more complete description of logic
options, refer to the RISKMAN Users Manual (Reference 3-10).] For each event tree top event
and for each path through the event tree, the first split fraction for which the logic rule is true
specifies the split fraction to be used. (Note that the rule " 1 " is always true.) In this manner, the
entire event tree can be quantified with the appropriate split fraction value being used at each
event tree branch.
Split Fraction Logic for Event Tree:

SUPPORT

SF. . . SF Logic

Optional Text

EA1

Always use split fraction EA1 for Top Event EA.

EB1

Always use split fraction EB1 for Top Event EB.
Event EB is independent of Top Event EA.)

(This implies that Top

SW1

EA=S • EB=S

Use split fraction SW1 when both trains of electric power are available.

SW2

EA=S * EB=F

Use split fraction SW2 when only train A of electric power is available.
(Note that this split fraction rule could have been simply EA=S since the
one above - SWl - captures the case of both trains available and RISKMAN
uses the first split fraction that applies for each top event.)

SW3

EA=F * EB=S

Use split fraction SW3 when only train B power is available. Note that this
rule could have been simply " 1 " since "only train B power available" is the
only remaining possibility if none of the above (SWl or SW2) applies.

For each frontline event tree top event in the model, the split fraction rules are written based on
previous dependent top events (including the initiating event if appropriate), regardless of
whether they occur in the same event tree or in a previous event tree. The minus sign before SW
in the logic for the frontline Top Event FA is the RISKMAN symbol for the logic operator
.NOT.
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Split Fraction Logic for Event Tree:

FRONTLINE

SF. . . SF Logic

Optional Text

FAF

EA=F + -SW=S

Use split fraction FAF (which = l.o - or guaranteed failure) whenever Top
Event EA is failed or SW is not successful; i.e failed or bypassed.

FA1

1

Use split fraction FA1 whenever FAF does not apply.

FBF

EB=F + -SW=S

Use split fraction FBF (which = 1.0 - or guaranteed failure) whenever Top
Event EB is failed or SW is not successful.

FB3

EA=F

Use split fraction FB3 whenever FBF does not apply and Top Event EA is
failed. (For the case when Top Event EA is failed, FA is guaranteed failed;
FA is effectively not challenged or "not asked.") FB3 is simply the failure
probability of FB conditional on its support systems (Top Event EB and SW)
being available but unconditional relative to FA.

FBI

FA=S

Use split fraction FBI whenever neither FBF nor FB3 apply and FA is
successful. (Use the failure probability for FB, which is conditional on
the success of FA.)

FB2

FA=F

Use split fraction FB2 when neither FBF nor FB3 nor FBI apply and FA has
failed. Note that the logic rule here could have been simply " 1 " rather
than FA=F since FA=F is the only remaining possibility. FB2 is the
probability that FB fails, conditional on all support systems being
available and FA having failed.

Complete event sequences can then be assembled by simply linking the appropriate
combinations of initiating events and event trees (in the proper order) and quantified by simply
multiplying initiating event frequencies by conditional split fraction values for each sequence as
governed by the logic rules. Note that the value for each success branch is 1 minus the
appropriate failure branch value. The linked support and frontline event trees are shown below.
Evant Tra«: LINKED
jlE

EA

EB

SW

PA

FB

1

1

1

1
XI
XI
XI
XI
XX
XI

For this simple example, a detailed RISKMAN report for one complete sequence and a summary
report of all sequences are provided here. This single sequence is initiated by the initiator
"TRIP," involves the failure of train B of electric power, an independent failure of train A
frontline system, and a guaranteed failure of train B frontline system due to the loss of train B
electric power. For brevity of presentation, the summary report shows only failed top events.
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Detailed Report of A l l Sequences
Initiator: TRIP {frequency = 5.0 / year)
Sequence:
Top.... State. SF. . . . SF Value
Top Event / SF Description...
EA
EB
SW

S
F
S

EA1
EB1
SW2

9.9900E-01
1.0000E-03
9.9500E-01

FA
FB

F
F

FA1
FBF

1.0000E-02
1.0000E+00

ELECTRIC POWER - TRAIN A
ELECTRIC POWER - TRAIN B
SERVICE WATER (BOTH TRAINS)
/ONLY TRAIN A POWER AVAILABLE
FRONTLINE SYSTEM - TRAIN A
FRONTLINE SYSTEM - TRAIN B
/REQUIRED SUPPORT NOT AVAIL.

Sequence Frequency = 4.9700E-05 per yeaz
End State = FAILURE

Sequences For Initiator TRIP
Frequency.. .Failed SFs

End State...

4.8956E+00
4.4910E-02
4.4460E-02
4.9900E-03
4.9203E-03
4.9104E-03
4.9900E-05
4.9700E-05
4.9600E-05
3.4965E-05
2.4975E-05
5.0000E-06

SUCCESS
DEGRADED
DEGRADED
FAILURE
DEGRADED
DEGRADED
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE

FA1
FBI
FA1*FB2
EB1*FBF
EA1*FAF
SW1*FAF*FBF
EB1*FA1*FBF
EA1*FAF*FB3
EA1*SW3*FAF*FBF
EB1*SW2*FAF*FBF
EA1*EB1*FAF*FBF

The end state of each sequence shows the plant damage states into which it is binned. This
binning occurs per binning logic rules, which are very similar to split fraction logic rules. The
figure below is the RISKMAN summary of the binning rules used for this example.
Binning Rules for Event Tree: FRONTLINE
Bin

Binning Rules / Optional Text...

SUCCESS

FA-S • FB*
When both frontline systems FA and FB are successful, the event TRIP has
been mitigated without any plant damage; such sequences are binned to the
PDS SUCCESS. These sequences will not be propagated to Level il/lli;
analysis of them is complete.

DEGRADED
When either of the two frontiine systems (but onfy one) has been successful,
event TRIP has resulted in some plant damage; such sequences are binned to
the PDS DEGRADED. (Note that the logic rule 1or this PDS bin could have
been written as simply FA=S + FB = S since the case of both successful
would already be captured above.)
FAILURE

FA

FB-F
When neither FA nor FB succeed, TRIP has not been mitigated. These
accident sequences bin to PDS FAILURE.
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One unique RISKMAN feature for performing a quantification operation is illustrated in the
following figure. The particular initiating event shown in the figure, encoded "AOLOSP," is
being analyzed with a series of five linked event trees and a truncation frequency of 1.0 x 10"12.
The RISKMAN program, upon execution, constructs a single, large event tree by exhaustively
linking each successive event tree at the end of each sequence from the previous tree. As
explained in the previous example, the logic rules are used to select the appropriate split fraction
values for computation of each sequence frequency. When the cumulative sequence frequency
drops below the user-specified cutoff, the frequency to that point is added to an unaccounted-for
bin, which, in this example, totaled to 1.4 x 10'9 per year. This quantification produced results
listed by event tree end state under "binning information." In this example, the sequence
frequencies for a total of 3,560 sequences were computed. All of these sequences have
frequencies greater 1.0x10' 12 per year. Ninety-seven sequences were saved to the sequence
database for further analysis. (The remainder were found to be "success.")
Event Tree Quantification Screen for RISKMAN
Evaluation of Initiator "AOLOSP
Results of Last Calculation

Binning Information

Initiating Event
AOLOSP
Initiating Frequency 1.0000E-03
Tree Names SUPPORT
SUPPORT2
GENTRANS
GTRECIRC
EPRECOVERY

Sequences Quantified 3560
Sequences Saved
97
Seconds
736.710000
Cutoff
1.0000E-12
Unaccounted For: 1.4006E-09

SUCCESS
HINOHR
SYNOHR
HIWCHR
HISBYP
MDWCHR
SYNISO
MDNOHR
HINISO
SYWCHR
MDNISO
MDSBYP
LONISO
LOSBYP
LOLBYP
LOWCHR
SYSBYP
LONOHR

8.8538E-04
1.0509E-04
6.4341E-06
9.8702E-07
8.5199E-07
8.0211E-07
2.5136E-07
9.6778E-08
8.8825E-08
8.5328E-09
5.0908E-09
1.9006E-12
O.OOOOE+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

The event tree quantification can be performed on initiating events individually or in a batch
mode, with designated initiating events quantified in the same run, but each initiating event set
up with a specification for quantification as illustrated above.
3.5.5.2 Review and Interpretation of Results
The final steps in sequence quantification and integration are to review and interpret the results.
The principal goals of this review are to determine the key risk-controlling factors that determine
severe accident frequency and to develop engineering insights needed to control this frequency to
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adequately low values. There are a variety of ways to dissect and analyze the results to support
these goals. These include:
•

Review individual top-ranking sequences that comprise the major portion of the core
damage frequency.

•

Determine the major classes of sequences that comprise the major portion of the core
damage frequency. Convenient ways to classify sequences are by common initiating
event, common plant damage state, or other common sequence characteristics.

•

Quantify risk importance measures that identify systems, components, and operator
actions that are the most important in the risk determination.

The RISKMAN software provides a number of reports that address each of the above three ways
to analyze the results. One report is a ranking of sequences by frequency, wherein each sequence
satisfies particular logic rules specified by the user; e.g. all sequences involving failure of offsite
power. An example of this report is presented in Figure 3-13 for the category of sequences of
core damage from a typical PSA study. The sequence is organized to first describe the initiating
event and additional failures that are not a direct result of the initiating event but contribute to the
determination of the sequence frequency. The second column lists all of the consequential
failures or events that are a direct consequence of the events in the first column. These
"guaranteed events" result from dependencies of various types; e.g., functional, spatial, and
human dependencies. Even though they do not affect the sequence frequencies (i.e., they all
have conditional split fraction values of 1.0), they are important to understanding the nature of
the accident sequence and to verifying the proper application of human reliability models. When
reviewed with the dependency matrices, these sequence reports have proven to be extremely
useful in verifying that dependencies have been properly modeled. This report can be developed
for each plant damage state as well as for the total core damage frequency for the Level 1+
sequence quantification.
RISKMAN provides tables that break down the total accident frequency by end state, initiating
event category, and any other grouping for which a logic rule can be defined that relates to
information tracked in the sequence database.

3.5.5.3 Quantification of Uncertainties
The event tree computations outlined above must account for a variety of sources of uncertainty
that prevent the development of highly accurate estimates of accident sequence frequencies.
These sources of uncertainty include the lack or sparsity of data from which to quantify the risk
model input parameters (i.e., component failure rates, initiating event frequencies, etc.),
plant-to-plant variability in the performance of similar equipment at other plants, modeling
uncertainty, equipment behavior in harsh environments, uncertainty in classification of common
cause event data, and many other sources.
The overall flow of data associated with the quantification of uncertainty is illustrated in
Figure 3-14. This figure shows the four principal modules of the RISKMAN software program
and identifies where point estimates and full distribution results are obtained.
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The basic approach to quantifying the effects of uncertainties on the PSA results is to determine
the appropriate probability distributions for each uncertain parameter in the analysis. Those
assignments are made with the use of data analysis software that uses Bayesian updating
techniques for incorporating operating experience from other plants, expert opinion, and
plant-specific data.
The RISKMAN Data Analysis Module outputs both the actual distribution associated with the
parameters and its major characteristics; e.g., the mean value. The propagation of these
uncertainties is then done in two stages.
The RISKMAN Systems Analysis Module combines the individual failure rates, maintenance,
and common cause parameters into the split fraction frequencies that will be used by the event
sequence model. During model development and debugging, it uses the mean values of the
individual parameters directly to provide a point estimate of split fraction frequencies. Once the
model is finalized, a Monte Carlo routine is used with the complete distributions to calculate the
split fraction frequencies. Like the data module, the systems module outputs both the actual
distribution associated with the parameters and its major characteristics; e.g., the mean value.
When the event trees are quantified and linked together in the Event Tree Analysis Module, the
mean values of the split fractions obtained from the systems Monte Carlo runs are used. These
point estimates approximate the mean values of the sequence frequencies because mean values of
the split fraction, initiating event, and human error rate distributions are used from the preceding
steps of the uncertainty propagation.
It is important that the event trees be quantified using the means of the system-level Monte Carlo
results rather than the point estimates used during model development and debugging. Although
the systems may be quantified using point estimates for the purpose of reviewing and screening,
these estimates frequently underestimate the means of the system-level uncertainty distributions
because of the coupling of failure rates. Past experience has shown the use of system
unavailability Monte Carlo means for event tree quantification to be important for redundant
systems.
The uncertainty in the overall core damage frequency and other risk measures is computed by the
Important Sequence Module of RISKMAN. The important sequence module accepts a
prioritized set of the most important sequences from the results of the Event Tree Analysis
module for predefined groups of accident sequences. These groups include, for example:
•
•
•
•
•

All fuel damage sequences.
Each plant damage state or plant damage state group.
Each release category or release category group.
Each initiating event.
Any other groups of interest.

For each group, the equations for the frequency of each sequence within that group are used in
another Monte Carlo sampling step to propagate the split fraction uncertainties and obtain the
uncertainties in the overall results. An uncertainty propagation accomplished in this manner
encompasses the major contributors to risk while permitting efficiency in calculation.
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3.5.6 Importance Measures
Risk importance measures are frequently used to rank individual contributors to risk. One often
used risk index is the total frequency of fuel damage. The risk importance measure is then
computed by summing the contribution of the risk model element over all fuel damage
sequences. Other risk indices may be used. The discussion that follows is equally applicable for
any risk index as long as it may be expressed as the frequency of an undesirable end state. For
example, for a risk index, the sequences over which the risk element's contribution would be
summed would be limited to the sequences assigned to tritium release end states associated with
the release of a significant amount of tritium.
For the purposes of discussion, the core damage risk index will be considered. This index is
defined as R(fj), where i is the risk model element i that may contribute to risk and fj is the mean
frequency of the ith element failing. It is understood that all other risk elements of the model
(i.e., fn, where n is not equal to i) are to be evaluated at the mean values of their probability
distributions. For most of the following discussion, the f; may represent the values of specific
split fractions.
3.5.6.1 Fundamental Risk Importance Measures
Some risk importance measures commonly used in risk analysis are as follows:
Description
Fussell-Vesely Risk Importance of fj
Birnbaum Risk Importance of fj
Risk Achievement Worth of f.
Risk Reduction of fj

Importance Measure Equation
FVI = [R(l)-R(O)]*S/R(fi)
BI = [R(l)-R(O)]/R(fj)
RAW = R(1)/R(fi)
RRI = R(0)/R(fi)

Other risk importance measures are certainly possible. Two measures unique to the sequence
quantification approach used in RISKMAN will be discussed later, after the derivation of the
formulas for these measures is provided.
All of the risk importance measures defined above have been normalized, usually by dividing
through by R(fj); i.e., the mean point estimate of the risk index. This normalization is not
necessary, but is recommended for consistent interpretation of results between applications.
To understand the relationship between these risk importance measures and the measures
computed by RISKMAN, it is first noted that all risk indices can be represented as the sum of
accident sequence frequencies, all of which are assigned to the sequence group of interest. In
particular,
R(fi) =
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where
FS|

= the frequency of all sequences contributing to risk whose frequency is proportional
tof,

SSj

= the frequency of all sequences contributing to risk whose frequency is proportional
to (1 - Q-

NAS; = the frequency of all sequences contributing to risk whose frequency is not a
function of fj or (1 - fj).
Risk models that employ fault tree linking to quantify accident sequences express the frequency
of risk as the linear sum of many component level minimal cutsets. In this case, the fj are the
basic event unavailabilities that appear at the lowest level of the associated fault trees. For such
representations, the success terms (i.e., the 1 - f; terms) are either Boolean reduced out before
sequence quantification, or algebraically neglected in computing the risk index. Therefore, for
such representations, the SS£ in Equation (3.4) is identical to zero.
3.5.6.2 Split Fraction Importance Measures
RISKMAN expresses the quantification of risk using the full form of Equation (3.4). In this
case, the fj are the system level split fractions. The sequence representations are not Boolean
reduced, and none of the success terms (i.e., the 1 - fj terms) are omitted.
RISKMAN can compute each of the four standard risk measures defined above for the split
fractions that combine to yield sequence representations. First, it will be shown how the risk
importance measures are computed for split fractions; later, the expressions will be generalized
for other risk contributing elements (i.e., for top events, system alignments, and basic events).
Again, any risk index that measures the frequency of a group of accident sequences can be
evaluated in the same way.
We can express the four standard importance measures defined above in terms of the
components of Equation (3.4) as follows.
First, observe from Equation (3.4) that:
R(f; = 1) = FS/fi + 0 + NASi

(3.5)

R(fi = 0) = 0 + SS/(1 - Q + NAS;

(3-6)

Substituting Equations (3.5) and (3.6) into the definitions for the four standard risk importance
measures gives:
•

Fussell-Vesely Risk Importance of Split Fraction i
FVI = [FSS - SS( * f/(l - fjXI/Rtf)
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•

Birnbaum Risk Importance of Split Fraction i
BI = [FS/f; - SS/(1 - fd)fR(fd

•

(3.8)

Risk Achievement Worth of Split Fraction i
RAW = [FS/fj + N ASJ/Rft)

•

(3.9)

Risk Reduction of split Fraction i
RRI = [SS/(1 - f;) + NASJ/Rtf)

(3.10)

The partial derivative of risk with respect to model element f], [D^Q/dfJ can be computed from
Equation (3.4) as follows:
Vdfi = FS/fi - SS/(1 - qf) + 0

(3.11)

Then, if Equation (3.11) is normalized by dividing through by R(f;), we see that the result is the
same as that for the Birnbaum importance; i.e., Equation (3.8).
Two additional risk importance measures unique to the method of quantifying sequences used in
RISKMAN are described below:
•

Probabilistic Importance of f;
PI^FS/Rtf)

(3.12)

Probabilistic importance of fs (i.e., PI) identifies the fraction of the risk index frequency
that is attributable to sequences involving failure of risk element fi5 but not (1 - fj). For
fault tree linking sequence quantification schemes, PI = FVI [i.e., as given by
Equation (3.7)] because the SS; term in Equations (3.4) and (3.7) is then identically zero.
This identity is not true for the sequence quantification scheme used in RISKMAN. To
the extent that approximations used in fault tree linking sequence quantification neglect
the (1 - f;) terms, then also PI * FVI.
For example, it is customary to insert additional event tree branch points to the fault tree
linking representation of sequences to distinguish sequence end states. For a particular
application, one may be interested in the total core damage frequency risk index. In this
case, the sequence cutsets developed for end states will have neglected the (1 - f;) terms.
For this situation, even for fault tree linking, PI * FVI, unless the sequence cutsets are
again Boolean reduced for core damage.
•

Boundary Condition Importance (BCI) of fj
BCI = [FS; + SSJ/Rtf)

(3.13)

Boundary condition importance is a risk importance measure unique to the method
RISKMAN uses to perform sequence quantification. Boundary condition importance of
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a split fraction f; is the fraction of the risk index frequency attributable to sequences that
involve conditions in which the split fraction f; is to be used. Suppose, for HIFAR, we
wish to know the significance to the total core damage frequency of the plant's
dependence on mains water under conditions in which ECCS actuation occurs. Boundary
condition importance measures this significance. The BCI measure allows RISKMAN to
rank the significance of intersystem dependencies to a risk index. The intersystem
dependencies ranked are limited only by the total number of split fractions used in the
sequence quantification.
In the event that the same split fraction is used for multiple intersystem dependencies, the
user may define separate split fractions with the same value, and assign the different split
fractions to each of the different boundary conditions to be distinguished. For example,
if a motor-driven pump is disabled by either loss of AC motive power or DC control
power, one split fraction may be used initially for both conditions. If a separate BCI
measure is desired for each intersystem dependence (i.e., one for AC motive power and
one for DC control power), then separate split fractions and the associated split fraction
assignment rules must be developed.
In the discussions that follow for basic events and alignments, the expressions for
boundary condition importance for these risk elements are not derived. The importance
of boundary conditions that challenge a particular basic event could also be derived.
However, the usefulness of such a measure beyond that provided by FVI for basic events
has not been established.
Equations (3.7) through (3.10) are only valid if the divisors are not zero. Therefore, R(fi)
must not be zero.
Iff; is zero, so is FSj. In such a case, none of the sequences saved to the database then
involve failure of fj. In this event, FVI = 0 and RRI = 1; RAW and BI are not defined;
and PI = 0.
If" 1 - f£ is zero, SSj is zero and f; is 1. In this case, RAW = 1 and is defined; FVI, BI, and
RRI are not defined. The failure to save the sequences with zero frequency that involve 1
- f; prevents an accurate computation of these latter measures.
These conclusions are summarized in Table 3-7.

3.5.6.3 Basic Event Importance Measures
The four standard importance measures plus probabilistic importance can also be evaluated at the
basic event level. It is not relevant to evaluate boundary condition importance at the basic event
level because it is associated with a sequence condition rather than particular equipment failures.
First, define the relationship of a basic event q,, to split fraction f; as f^qj. Then, the risk index,
), assuming that q,, appears in only one split fraction fi5 can be expressed as follows:
R'CqJ = FS'i + SS'j + NAS'i
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where
FS'j

= is the frequency of all sequences contributing to risk whose frequency is
proportional to f^

SS'j

= is the frequency of all sequences contributing to risk whose frequency is
proportional to [l-fjCq,,)].
= is the frequency of all sequences contributing to risk whose frequency is not a
function of ftqj or [ l - ^

The '"" notation is dropped for simplicity. It is to be understood that the functions R, FS, SS,
and NAS are now in terms of basic events rather than split fractions.
The expression for the risk index evaluated relative to a single split fraction i at q,, = 1 is then,
R(l) = FS; * fXD/fiCqJ + SSS * [1 - «1)]/[1 - ftqj] + NAS;

(3.15)

The method of computing fj(l) will be discussed later, but it should be understood that the values
of any split fraction can never exceed 1.0.
This expression must be generalized when the basic event q,, appears in more than one split
fraction. Advantage is taken of the fact that q,, only appears in one split fraction, or initiating
event, along a given sequence path. The generalization to basic event importance to initiating
events will also be discussed later. For now, assume that the basic events, q,,, only appear as
contributors to split fractions, not to initiating event frequencies. The expression for the risk
index with q,, = 1.0 then becomes:
S k [R k (l) - R^qJ]

(3.16)

where k defines all of the split fractions whose values depend on q,, and R^qJ is the risk index
given that the basic event takes on a value of q,, in the kth split fraction in which the basic event
appears.
Equation (3.16) takes advantage of the fact that in the RISKMAN representation of sequences
(specifically, once the substitution for conditional split fractions has been made), the sequence
frequency equations contain, at most, only one split fraction whose frequency is a function of q,,.
Therefore, the change in the risk index due to revising q,, can be computed as the linear sum of
changes from each of the split fractions that depend on q,,.
Using Equation (3.15) in Equation (3.16) we obtain:
RCqJ + Z k [FSk * ( 4 ( 1 ) / ^ ) -1} + SSk * {[1 + NAS k -NAS k ]
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Rearranging terms gives:
R(l) = RCqJ + E k [{fk(D - fk(qj}
Rearranging again gives:
R(l) = RCqJ + E k [{fk(D - UqJ} * {FSAtin) - SSk/{ 1 -

ftqj}]

(3.17)

Observe that the second term in braces of Equation (3.17) is by Equation (3.8), simply the
Birnbaum importance for split fraction fk weighted by the risk index. This permits
Equation (3.17) to be rewritten as:
R(l) = RCqJ + Zk[{fk(l) - ftqj) * BIk * R(qn)]

(3.18)

where R is now evaluated as a function of the basic event value, q,,.
A similar derivation then gives for R(0):
R(0) = RCq.) + Ik[{fk(0) - 4(qJ> * BIk * R(qJ]

(3-19)

Since fk(0) is always less than fk(q,,), R(0) will always be less than R(qn). Equations (3.18)
and (3.19) can then be combined to compute each of the four standard risk importance measures
as well as the probabilistic importance measure, all defined above, but this time for basic events.
Therefore,
1. Fussell-Vesely Risk Importance of qn
FVItqJ = [RAW(qn) - RRI(qn)] * q.

(3.20)

2. Birnbaum Risk Importance of qn
BItqJ = RAW(qJ1) - RRKqJ

(3.21)

3. Risk Achievement Worth of qn
RAW(qn) = 1 + S k [{fk(l) - &<Q) * BIk]

(3.22)

4. Risk Reduction of qn
= 1 + £ k [(4(0) - fk(qn)} * BIk]

(3.23)

The probabilistic importance of a basic event to a risk index is straightforward. However, it
requires knowledge of how important a basic event is to a split fraction. Therefore, the
derivation of the probabilistic importance of a basic event to risk is deferred until later below.
In Equations (3.20) through (3.24), used to evaluate risk importance measures for basic events, it
is necessary to evaluate the revisions in split fractions as the q,, take on different values; i.e., for
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fk(0) and fk(l). It is too computationally inefficient to recalculate all of the split fractions from
the base system models. Instead, a short cut computational approach is taken.
During the computation of f k (qj in the Systems Analysis Module of RISKMAN, the relative
contribution of q,, to f k (qj can also computed, for each split fraction in which q,, appears; i.e., for
all k. We can write:
U<D = <L * Ak + Bk

(3.24)

where Ak and B k are made up of the products of basic event probabilities and initial system
alignment occurrence fractions, but not of q,,. Bk represents the sum of all minimal cutsets not
involving q,, but which contribute to fk. During split fraction quantification, the probabilistic
basic event importance of q,, to each split fraction fk is computed as follows:
BEIk(qn) = [qn*Ak]/fk(qn)

(3.25)

Rigorously, if the basic event represented by q^ is assigned a value of 0.0 or 1.0, the minimal
cutsets should be Boolean reduced before being requantified. This process is judged
computationally too intense and generally unnecessary for risk importance calculations. Instead,
an approximate approach is recommended. If the value of the event is changed from q,, to say,
Qn, then the revised split fraction k is estimated as:
4(QJ = 4(qJ * [BEIk(qJ • Q/q. + {1 - BEI^qJ}]

(3.26)

Therefore,
4(0) = f k (qj * [1 - BEI^qJ]

(3.27)

4(1) = 4(qJ * [BEIk(qJ * 1/q. + {1 - BEIk(qJ}]

(3.28)

In Equations (3.26) through (3.28), the revised split fraction values (i.e., fk) should never be
permitted to exceed 1.0. Because of the failure to Boolean reduce, and because RISKMAN
makes use of the rare-event approximation, the revised values may exceed 1.0. In such cases, the
split fraction value (i.e., fk) should be reset to 1.0.
The probabilistic importance of a split fraction was described earlier; i.e., Equation (3.12). By
generalizing Equation (3.12) to consider all of the split fractions k that involve basic event q,,,
and accounting for the importance of a basic event to each split fraction k, we obtain:
(3.29)
and since FSk = PIk * R(fk), then we get:
^
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3.5.6.4 Alignment Importance Measures
Several initial system alignments may be defined for a given top event system model. The
contribution of each alignment to a split fraction fk is computed during system quantification in a
manner similar to that of basic events. Equations (3.18) through (3.23) for the different basic
event importance measures also apply to alignment importance. The only adjustment required is
in the computation of the change in split fraction value as the alignment fractions of occurrence;
i.e., Equations (3.24) through (3.28) must be revisited.
The split fraction value may be expressed as a combination of two terms. One term is
proportional to the fraction of time that the system top event is in alignment j at the initiation of
the scenario; i.e., Ahij.
4(AIxij) = All* * Ck + Dk

(3.31)

where Dk is made up of the products of basic event probabilities and the fraction of time that the
system spends in alignments other than Ali^; i.e., the sum of all contributions other than from
alignment j . Ck represents the sum of all minimal cutsets that contribute given that the system is
in alignment j . During split fraction quantification, the probabilistic importance of alignment j to
each split fraction fk is computed as follows:
ALNIk(j) = [Aln, * Ck]/fk

(3.32)

One difference between alignment occurrence fractions and basic events is that the initial
alignments are mutually exclusive. This observation limits most of the concern over the need to
Boolean reduce as was expressed earlier for basic events.
If the alignment is assumed to always occur, then the split fraction k value becomes:
f k (Al n j =l) = Ck

(3.33)

If the alignment occurrence fraction (Aliij) is to be set to zero, then the system alignment
fractions must be adjusted so that the system is still always in one alignment. It is recommended
that the other alignment fractions be adjusted uniformly so that the expression for the revised
split fraction value is as follows:
fk(Alnj = O) = D k /[l-Aln j ]

(3.34)

If the occurrence fraction of an alignment is changed from Alnj to say, ALNj; then the revised
split fraction k can be estimated as:
4(ALNj) = fk(Alnj) * [ALNIk(j) * ALN/Aln, + [1 - ALNIkO)]
(3.35)
* {l-ALNj}/{l-Alnj}]
The above expression also adjusts the occurrence fractions of the other initial alignments so that
the sum of the fractions for being in each alignment still sum to 1.0.
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Equations (3.34) and (3.35) may then be used in the importance expressions for basic events [i.e.,
Equations (3.20) through (3.23)] to obtain the importance measures for each alignment. The
probabilistic importance of an alignment is determined from Equation (3.30) by simply
substituting alignment importance for a split fraction instead of the basic event importance:
PI(Alnj) = Z k [ALNIk(j) * PIk]

(3.36)

3.5.6.5 Top Event Importance Measures
Each event tree top event may take on several values for its branch point probabilities. These
branch point probabilities are known as split fractions. Seven importance measures were defined
previously for individual split fractions; i.e., see Equations (3.7) through (3.13). This portion of
the discussion presents the equations that generalize these expressions for evaluation of Top
Event T importance. Let t denote the split fractions of Top Event T.
1. Fussell-Vesely Risk Importance of Top Event T
FVIT = i;[FVIJ

(3.37)

2. Birnbaum Risk Importance of Top Event T
BIT = Z,[BIJ

(3.38)

3. Risk Achievement Worth of Top Event T
RAW T =l+i;[RAW t -l]

(3.39)

4. Risk Reduction of Top Event T
RRI T =1+Z,[RRI,-1]

(3.40)

Three versions of top event probabilistic importance have already been included in RISKMAN;
i.e., probabilistic split fractions (PIT), guaranteed failed (PIGFT), and total (PITT). The
expressions for these measures are as follows:
(3.41)
where tl does not include the guaranteed failed split fractions.
PIGFT = ZQ [PIt]

(3.42)

where t2 includes only the guaranteed failed split fractions.
PIT^I^PL]

(3.43)

where t3 includes all split fractions for Top Event T.
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The boundary condition importance measure for top events is not as informative as for individual
split fractions. Its value can simply reflect the proportion of risk sequences that branch under
that top event. This is because both the contribution of sequences involving the success and the
failure of the top event in question are included; i.e., as opposed to the probabilistic importance
in which only the sequences with failure of the top event are included.
Similar to that for probabilistic importance, three measures are of interest; i.e., probabilistic split
fractions (BCIT), guaranteed failed (BCIGFT), and total (BCITT). The expressions for these
measures are as follows:
(3.44)
where tl does not include the guaranteed failed split fractions.
BCIGFT = Za[BCIJ

(3.45)

where t2 includes only the guaranteed failed split fractions.
BCIT^ZtstBCI,]

(3.46)

where t3 includes all split fractions for Top Event T.

3.5.6.6 Systems

Importance

Systems are defined as one or more top events and/or initiating events that represent the failure
modes of equipment hardware associated in some manner. Oftentimes, multiple trains of the
same system are modeled by separate top events for each train. The grouping of top events and
initiating events is used to respond to questions such as, "Which is the most important system in
my plant?" Because systems usually consist of more than one top event (they can be fully
described by importance measures for single top events otherwise), this discussion assumes that
any system is defined as encompassing several top events.
Importance measures for individual top events or split fractions can not be readily combined
because two or more top events in the system may appear in the same sequence. Unlike the
earlier discussion for top events, the importance measures for split fractions in different top
events can not be linearly added. This difficulty is in part remedied by the replacement of
conditional split fractions for different top events in the same system by a split fraction for
failure of all of the affected trains in the sequence path; i.e., by the split fractions used to derive
the conditional split fractions. However, this is not a complete solution. Some top events in the
same system are not evaluated conditionally. Therefore, after substitution for conditional split
fractions, there may still be multiple top events in the same sequence assigned to the same
system.
The above observation requires that the system importance measures be calculated directly from
the sequences saved to the database; i.e., they can not be computed by manipulation of individual
split fraction importance measures. Access to the sequence database, therefore, is assumed in the
following presentation of formulas for system importance measures.
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For system importance, the risk measure presentation defined by Equation (3.4) is no longer
sufficient. Instead, some of the key risk factors are redefined.
RS(1) is the risk index evaluated assuming that the split fractions of all of the top events
contained in the system have values of 1.0. RS(1) is computed by adjusting the frequency of
each sequence that has at least one top event or initiating event contained in the system. The
frequencies of all of the initiating events associated with the system are set to at least 1.0 per
year. Frequencies of sequences that do not contain a top event included in the system definition
are unchanged. If the sequence contains a successful split fraction of the system, then the
sequence frequency is reset to zero. If the sequence does not contain a successful split fraction,
but does contain one or more failed split fractions that are associated with the system, then the
sequence frequency is revised. The sequence frequency is divided by the one or more failed split
fractions contained by the system. The adjusted sequence is then summed along with all of the
other sequences mapped to the same risk index to give the value of RS(1).
RS(0) is the risk index evaluated assuming that the split fractions of all of the top events and the
initiating events contained in the system are set to zero. The frequencies of sequences containing
an initiating event contained in the system are set to zero. Frequencies of sequences that do not
contain a top event or an initiating event included in the system definition are unchanged. If the
sequence contains a failed split fraction of the system, then the sequence frequency is reset to
zero. If the sequence does not contain a failed split fraction or an initiating event associated with
the system, but does contain one or more successful split fractions that are associated with the
system, then the sequence frequency is revised. The sequence frequency is divided by the
products of the success branch frequencies of the successful split fractions contained by the
system. The adjusted sequence frequency is then summed along with all the other sequences
mapped to the same risk index to give the value of RS(0).
RS(S, = u%) is the risk index evaluated assuming that the split fractions of all of the top events
and the initiating events contained in the system are set to the mean value of their respective
distributions. The frequencies of all of the sequences containing an initiating event or top event
associated with the system are reevaluated. Frequencies of sequences that do not contain a top
event or an initiating event included in the system definition are unchanged. All of the
distributions for split fractions and initiating events associated with a system are assumed
correlated. The sequence frequency is reevaluated assuming that the associated split fractions
and initiating events take on mean values. The adjusted sequence frequency is then summed
along with all of the other sequences mapped to the same risk index to give the value of
RS(S, =
FS(S|) is the frequency of all sequences contributing to the risk index of interest (e.g., total core
damage frequency) that also involve the failure of one or more top events or initiating events
associated with system S,.
With the benefit of RS(1), RS(0), RS(S, = u%), and FS(S,) now defined, the applicability of risk
importance measures for systems is revisited.
1. Fussell-Vesely Risk Importance of System S,. This measure is not defined because
there is no single risk element that can be used to scale the risk increase caused by
assuming all risk elements of the system increase to 1.0.
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2. Birnbaum Risk Importance of System S,
BI(S,) = [RS(1) - RS(0)]/RS(S, = u)

(3.47)

3. Risk Achievement Worth of System S,
RAW(S,) = RS(1)/R(S, = ^)

(3.48)

4. Risk Reduction of System S,
RRI(S,) = RS(0)/R(S, = u)

(3.49)

5. Probabilistic Importance of System S,
PI(S,) = FS(S,)/RS(S, =u)

(3.50)

6. Boundary Condition Importance of System S,. This risk importance measure is not
defined for systems. To some extent, all plant systems are effectively questioned by each
accident.
3.5.6.7 Basic Event Importance for Initiating Events
The earlier presentation of basic event importance did not address the complication that arises
when the system models are used to quantify initiating events. The following discussion
addresses that complication. When a basic event appears in the model for an initiating event, the
RISKMAN sequence representations preclude that same basic event from appearing in other split
fractions for that sequence. Any split fractions in the same sequence involving the same basic
event as in the initiating event, and which are conditional on the initiating event, are substituted
for in saved sequences before importance evaluation.
The contribution of a basic event to an initiating event's frequency is similar to that for the
contribution to system unavailability. The initiating event frequency (IEm) can be represented in
terms of a basic event q,, as:
IEm = q n *E k + qyr n *F k + Gk

(3.51)

where qyrn is the frequency of equipment failure modes that are also modeled via q,,, but this
time involve to operate during 1 year of system operation; and Ek, Fk, and Gk are made up of the
products of basic event probabilities and initial system alignment occurrence fractions, but not of
q,, or qyrn. Gk represents the sum of all minimal cutsets not involving q,, or qyrn but which
contribute to IEm.
To evaluate many of the importance measures associated with a basic event's contribution to an
initiating event and therefore to risk, we need only compute the risk index assuming that the
basic event value is 1.0, and then 0.0. A value of 1.0 is the maximum that the q,, quantity can
take on, but this is not true for qyrn. The value of qyrn can be greater than 1.0, because it is a
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frequency rather than a probability. For the present discussion, it is argued that the maximum
value assigned should still be 1.0 for consistency.
A general expression for recomputing the initiating event IEm's frequency as a function of the
values of o^ and qyrn can be developed. The probabilistic importance of q,, and qyrn to each
initiating event, IEm, can be computed as follows:
= [q. * EJ/IEJq,,, qyrn)

(3.52)

BEIm(qyrn) = [qyrn * FJ/IEJq,,, qyrj

(3.53)

Rigorously, if the basic event represented by q,, is assigned a value of 0.0 or 1.0, the minimal
cutsets should be Boolean reduced before the initiating event is requantified. This process is
judged computationally too intense and generally unnecessary for risk importance calculations.
Instead, an approximate approach is recommended, similar to that for system unavailabilities.
From Equations (3.47) through (3.48):
IEm(0,0) = ffijq,, qyrn) * [1 - B E U q J - BEIm(qyrn)]

(3.54)

IE m (l,l) = IE^q,, qyrj * [BEUqJ/q, + BEIm(qyrn)/qyrn
(3.55)
+ l-BEI m (q n )-BEI m (qyr n )]
Equations (3.54) and (3.55) can then be used together with the importance of IEm to risk, to
derive the importance of basic events to risk via initiating events.
The probabilistic importance of an initiating event IEm (i.e., 1 IEm) to risk is:
IIEm = FSIE m /R(IEJ

(3.56)

where FSIEm is the sum of the frequencies of all sequences initiated by IEra that are assigned to
the risk measure; e.g., to core damage frequency.
The importance of basic events through initiating events to risk then supplements the importance
to risk for basic events via systems analysis, derived earlier. The revised equations that account
for both systems and initiating events are then:
1. Fussell-Vesely Risk Importance of qn
FVI(qJ = [RAW(qn) - RRI(qn)] * q,,

(3.57)

2. Birnbaum Risk Importance of qn
= RAW(qJ - RRKqJ
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3. Risk Achievement Worth of qn
RAW(qJ = 1 + I k [{fk(l) - f^qj} * BIk]
(3.59)
+ U { I E m ( l , l ) - IEJq,, qyrn)} * IIEJ
4. Risk Reduction of qn
RRICq,,) = 1 + S k [{fk(0) - ftqj} * BIk]
(3.60)
[(IEm(0,0) - IEJq^qyrJ} * IIEJ
5. Probabilistic Importance of qn

PI(qJ = Sk PEWqJ * FS^fi)] + £„, [IIE^q,,)]

(3.61)

6. Boundary Condition Importance of qn. This importance measure is not defined for
basic events.
In addition to probabilistic importance of an initiating event, as obtained from Equation (3.56),
some other importance measures of initiating events may be defined, although they are not
necessary to calculate the importance of basic events.
For example, the Birnbaum or derivative importance of an initiating event IEm may be defined
as:
BIIEm = FSIEm/IEm/R(IEJ

(3.62)

where FSIEm is the sum of the frequencies of all sequences initiated by IEm that are assigned to
the risk measure and IEm is the frequency of initiating event m.
The risk reduction importance of an initiating event may be defined as:
RRIIEm = NASIEm/R(IEm)

(3.63)

Risk achievement importance of an initiating event is not meaningful because it is unclear what
bounding value to set the frequency of event failure for each normally operating piece of
equipment to; e.g., to once per year, once per hour, or some other value. If the initiating event
frequency is set to 1.0 per year, the resulting risk achievement value would be the same as the
Birnbaum importance for initiating events.
3.5.6.8 Replacement of Conditional Split Fractions
The RISKMAN event tree quantification process requires the use of conditional split fractions.
Of course, all split fractions are conditional on preceding events in the event tree, as well as on
the initiating event. Here, the term conditional split fractions is meant to refer to the subset of all
split fractions whose values are computed by an algebraic combination of other split fraction
results; i.e., and not computed directly by evaluation of minimal cut sets derived from a fault
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tree. An example of a conditional split fraction is the failure frequency of the second train of a
two train system, given success of the first train.
Conditional split fractions are important for risk importance calculations. There must be a
process to relate the importance of basic events and system alignment fractions to the conditional
split fractions, so that the importance of such risk elements to core damage frequency and other
risk measures may be derived. The strategy implemented in RISKMAN is to replace the
conditional split fractions in the saved sequence representations, with other split fractions that are
derived directly from fault trees; i.e., that use the fault tree boundary condition option of the
RISKMAN Systems Analysis Module. The importance of basic events and system alignment
fractions can then be determined from these replacement split fractions in the usual way.
An algorithm has been developed to implement this replacement of split fractions. It can be
stated as follows.
First, the event tree top events associated with the conditional split fractions must be identified.
It is recognized that the replacement split fractions are actually substituted for an entire path
through the associated top events rather than for each conditional split fraction. If all top events
in the path fail, then the replacement split fraction takes the place of all failed split fractions
along the sequence path for the associated top events. The importance of the basic events and
system alignment fractions for this replacement split fraction are then used, as weighted by the
sequence frequency. If one or more of the associated top events are successful, then these
successful split fractions do not enter into the importance calculations for basic events and
alignment fractions.
A simple split fraction replacement algorithm is to identify the last failed conditional split
fraction in the string of associated top events. If the there are no failed conditional split fractions
along the given sequence, no split fraction substitution is performed. If a failed conditional split
fraction is found, its associated split fraction is substituted for the entire sequence fragment of
split fractions.
Figure 3-15 identifies the split fractions required for a three train system; i.e., for trains A,B,
and C. All of the split fractions for trains B and C are conditional on the status of train A. Split
fraction F(A) is the only split fraction that can be computed directly from the cutsets of a fault
tree. The other split fractions must be derived from an equation in terms of other split fractions.
The conditional split fraction equations for this three train system are provided in Figure 3-16.
The far right-hand side of the equations in Figure 3-16 show that the conditional split fractions
can be computed as functions of the results from seven fault trees; i.e., not in terms of other
conditional split fractions.
Table 3-8 lists the replacement split fractions to be substituted for the failed split fractions in
each of the eight sequence paths in Figure 3-15. In two of the sequences, there are no failed
conditional split fractions. We see from Table 3-8 that we need simply associate one
replacement split fraction with each conditional split fraction, and then use that replacement split
fraction, if it is associated with the last failed conditional split fraction along the sequence.
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This process also works for two train systems, and for three train systems with one or more trains
unavailable due to support system failures.
3.5.6.9 Summary of Importance Measures
Table 3-9 summarizes the risk importance measures that can be defined for a number of risk
model elements.
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Table 3-1 (Page 1 of 3). Glossary of Terms Used in Probabilistic Safety Assessment
Term
Availability
Common Cause Event

Dependency Matrices

Dependent Failures

Definition
The probability that a component or system will be able to operate
successfully at a random point in time.
An event that adversely affects the performance of two or more
components at the same time due to a single shared cause. When the
performance degrades to the extent that component failures result,
the event is referred to as a common cause failure. When the
consequences of the event include the occurrence of an accident
sequence initiating event, the event is called a common cause
initiating event.
Tables describing the impact on systems listed across the top of the
tables caused by the failure of other systems defining the rows of the
tables.
Two or more failures are dependent when the probability of any
event in the set is dependent on the occurrence or nonoccurrence of
any other event in the set. The two failures A and B are independent
events if and only if:
Prob[A and B] = Prob[A]*Prob[B]
This requires that:

Event Sequence
Diagram (ESD)

Event Tree

Stable Shutdown
Fault Tree

Frequency

Prob[BA] = Prob[B] and Prob[AB] = Prob[A]
A logic block diagram that defines event sequence progression from
the initiating event to ultimate end state. The ESD documents the
PSA analysts understanding about how event sequences develop in
terms of system responses, plant conditions and operator actions.
They are used as a communication tool with plant operations
personnel to elicit their input into the PSA model development and
its quantification.
A logical network of event sequences that is cast in a form to
quantify accident frequencies. It contains much of the same
information as in the ESD but reflects key modeling assumptions
that are needed to support risk quantification.
State of reactor when it is not neutronically "critical" and its decay
heat is being adequately dissipated under steady state conditions.
A logic diagram that is used to determine the logical combination of
causes that will produce an undesirable event. Fault trees are used to
determine the logical combination of causes that would result in
failure or unavailability of each system that was modeled in the
event sequence models.
The quantification of expected occurrences per trial. In principle,
frequency can be experimentally measured.
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Table 3-1 (Page 2 of 3). Glossary of Terms Used in Probabilistic Safety Assessment
Term
House Event

Initiating Event

Minimal Cutset
Pinch Point

Plant Damage States
(PDS)

Probabilistic Safety
Assessment (PSA)

Probability
Severe Fuel Damage
Severe Core Damage

Severe Accident
Progression

Definition
A conditional event used in quantitative fault tree evaluations. It is
used as a switch (having the value of either success or failed) to
allow the fault tree to model response to specific sets of accident
sequences.
Any event that perturbs the steady state operation of the plant such
that a transient is initiated in the plant. Initiating events are the
starting points of defining event sequences in the PSA because they
directly result in challenges to the plant control and safety systems
such that depending on the response to these challenges, accident
scenarios could result.
The smallest combination of component failures which, if they all
occur, will cause the top event of a fault tree to occur.
The grouping of similar sequences through the front-end event trees
into bins or plant damage states. All sequences assigned to the same
PDS are evaluated as if they were identical, when performing the
back-end analysis of containment response. A pinching of the
analysis occurs at the interface point between the front-end and
back-end analysis.
Define the condition of the plant at the time of onset of fuel damage.
The conditions considered in the definition of these plant damage
states are those that determine the capability of the containment to
cope with a core damage accident and potential for release of
radioactive material. Plant damage states serve as the end states of
the Level 1 portion of the accident sequence models that address the
performance of all active plant systems and the entry states of the
Level 2 portion of the event sequence model that address severe
accident phenomena and containment structural response.
A probabilistic analysis of the risk (consequence per unit time)
posed by the system or plant being analyzed. A PSA analyzes the
frequency of occurrence and consequence of a particular scenario or
set of scenarios, including uncertainties in both.
A numerical measure of a state of knowledge, a degree of belief, or a
state of confidence.
Damage to fuel elements due to loss of effective cooling, inadvertent
criticality, or mechanical insult.
Fuel damage due to loss of effective cooling, inadvertent criticality,
or mechanical insult when fuel is initially located in the reactor
vessel; e.g., the RAT.
The sequence of events following the onset of fuel damage.
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Table 3-1 (Page 3 of 3). Glossary of Terms Used in Probabilistic Safety Assessment
Term
Split Fraction

Top Events

Definition
A split fraction (also called a branching ratio) is a parameter used in
quantifying an event tree. It represents the fraction of the time (or
probability) that each possible outcome, or branch, of a particular
top event may be expected to occur. Split fractions may be
conditional on precursor events. At any branch point, the sum of all
the split fractions (i.e., the sum of the probabilities of all possible
outcomes), must be unity.
Event tree top events are the conditions that are considered at each
branch point of an event tree. They may address system behavior or
operability, or phenomenological events. A particular event tree
sequence can be described in terms of the status of the plant relative
to each top event.
Fault tree top events are at the very top of the fault tree. These
events represent the undesirable outcome of a set of failures
involving the system modeled in the fault tree. These events are
defined to support split fraction quantification.
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Table 3-2. Basic Steps and Key Products of a PSA
Basic Steps to Perform
a Level 1+ PSA
1. Develop Basic Plant
Familiarization
2. Define Level 1+ Event Sequences

3. Develop Models to Support
Sequence Quantification

4. Develop PSA Database

5. Assemble and Quantify Accident
Sequences

6. Review and Interpret Results
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Key Products of Each Step
• Qualitative systems analysis.
• System dependency matrices, component locations,
and environmental susceptibilities.
• Set of initiating events.
• Coarse grouping of initiating events with separate
event sequence models for each group.
• Event sequence diagrams with explicit coverage of
emergency operating procedures.
• Event trees with all support and frontline system
responses and operator actions.
• Definitions and success criteria for each event tree
top event.
• Plant damage states for all sequences ending in
core damage.
• System fault tree models for all systems event tree
top events and system initiators.
• Component unavailability models for common
cause failures, hardware failures, and test and
maintenance.
• Human reliability models and performance-shaping
factors for all dynamic actions.
• External events models for all relevant hazards.
• Uncertainty distributions incorporating generic and
plant-specific data for initiating events, component
failure rates, common cause failures, maintenance
frequency, maintenance duration, and flood
frequencies.
• Logic rules for linking all Level 1+ event trees.
• Point estimates and uncertainty distributions for
accident frequency.
• Key risk contributors and importance measures.
• Appreciation of absolute risk levels and key factors
controlling risk.
• Effective strategies for risk and accident
management.
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Table 3-3. Types of Dependent Failures Encountered in Probabilistic Risk Assessment
-a
O
7*

m
o

Dependent Failure Type
1. Common Cause Initiating
Event

Characteristics
Causes a plant transient and
increases unavailability of one
or more systems.

Subtypes
1A Functional Interaction

Examples
• Loss of service water.

1B

Human Interaction

• Maintenance error shorting out
instrument bus.

1C
2A

Physical Interaction
Functional Dependency

• Flooding
• Coolant charging pump fails
because component cooling fails.

2B

Human Interaction

• Operator error causes loss of two
systems.

2C

Physical Interactions

• Flooding causes loss of equipment
in two systems.
• Battery loses charge after it is run
beyond capacity.

o

2. Intersystem Dependency

a

3. Intrasystem (Intercomponent)
Dependency

Causes a dependency in the
joint failure probability of two
or more systems.

Causes a dependency in the
3A
joint failure probability of two
or more components within a
system.
3B

3C

Functional Dependency

Human Interaction

• Design error present in redundant
pump controls.

Physical Interaction

• Flooding causes loss of redundant
pumps.

Table 3-4. Treatment of Dependent Events in PSA
Basic Steps in PSA
1. Develop Basic Plant
Familiarization

•
•
•

2. Define Level 1+ Event
Sequences

•
•
•

•
•
3. Develop Models to
Support Sequence
Quantification

•

•

•

•

•

4. Develop PSA Database
5. Assemble and Quantify
Accident Sequences
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How Dependent Events are Treated
Each system is reviewed for support and interfacing systems.
Detailed dependency matrices are developed and reviewed
with operations personnel.
Plant walkdowns are performed to identify spatial
dependencies.
FMEAs are performed on plant systems to identify systemic
common cause initiators.
Key internal flood locations and scenarios are selected for
event tree analysis.
Functional dependencies are explicitly modeled in the event
tree structure and in logic rules for linking the event trees and
for assignment of systems fault tree results for event tree
quantification.
Support systems are modeled explicitly on the event trees.
Human actions are defined and modeled in the event trees as
dependent on accident sequences in which they are applied.
Event tree split fractions are quantified as conditional on the
sequence of events preceding the corresponding event tree
node on the event tree.
Support systems are explicitly modeled on system fault trees
as house events; dependencies due to test and maintenance
alignments are modeled explicitly.
Common cause events are systematically placed on the system
fault trees prior to Boolean reduction for all active redundant
components in the plant. Common cause model reports are
generated to summarize the common cause treatment for each
system top event.
Common cause events are quantified using the MGL
parametric model and a plant- and system-specific screening
of a common cause event database (Reference 2-24) as
specified in NUREG/CR-4780.
When two or more human errors appear on the same accident
sequence, the error rate for the second and subsequent errors
are increased relative to the case of a single error.

• Generic and plant-specific data on common cause events are
included in the database.
• Sequence results reports explicitly display functional
dependencies that contribute to the sequence.
• Risk importance measures are assigned to the functional
dependencies as well as to the associated equipment.
• Risk importance measures are assigned to common cause
events; the contributions of common cause events to system
level results are explicitly displayed.
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Table 3-5. Component Types and Failure Modes Normally
Considered for Common Cause Groups
Component
Pump

Failure Mode
Fails to Start

Pump

Fails during Operation

Diesel Generator

Fails to Start

Diesel Generator

Fails during Operation

Ventilation Fan

Fails to Start

Ventilation Fan

Fails during Operation

Motor-Operated Valve

Fails to Open on Demand

Motor-Operated Valve

Fails to Close on Demand

Air-Operated Valve

Fails to Open on Demand

Air-Operated Valve

Fails to Close on Demand

Check Valve

Fails to Close on Demand

Solenoid Valve

Fails to Open on Demand

Solenoid Valve

Fails to Close on Demand

Air Compressor

Fails to Start

Air Compressor

Fails during Operation

Air Conditioning Unit

Fails to Start

Air Conditioning Unit

Fails during Operation

Circuit Breaker

Fails to Open on Demand

Circuit Breaker

Fails to Close on Demand
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Table 3-6 (Page 1 of 2). Typical Database Component Boundaries

1.

Component
Diesel Generators

o

o
o

O

2

Motor-Operated
Valves

3.

Check Valves

4.

BWR Safety/Relief
Valves
Motor-Driven Pumps

5.

Includes
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Diesel engine.
Electrical generator.
Air start system, if applicable.
Starter motor, if applicable.
Diesel radiator/cooler.
Air inlet filter.
Shaft-driven fuel oil or fuel oil booster pumps.
Diesel exhaust system.
Valve body and internal parts.
Valve operator (motor and shaft).
Valve breaker.
Valve control circuitry.
Valve limit switches and torque switches.
Valve body and seat.
Valve disk, pivot shaft, and connecting key/bolts.
Valve counterweights, if applicable.
Valve test mechanism, if applicable.
Valve body and internal parts.
Pilot valve assembly, if applicable.
Pump casing, impeller, shaft, bearings, and seals.
Pump motor (driver).
Pump-to-motor coupling.
Pump motor circuit breaker.
Pump motor cooler, if applicable.
Pump motor thermal overloads, if applicable.
Pump motor control circuitry.
Relief valves on positive displacement pumps.

•
•
•
•
•
•

Does Not Include
Diesel generator load sequencers.
Diesel fuel oil transfer system.
Cooling water valves.
Diesel generator output breaker or output bus.
Protection system actuation relays.
Diesel room cooling.

• MCCs or other electrical equipment not listed above.
• Interlock logic.

•
•
•
•
•

Pump discharge valve or suction valve.
Actuation system relays.
Minimum flow recirculation valves.
Room cooling systems.
Interlock logic.

6

Table 3-6 (Page 2 of 2). Typical Database Component Boundaries

00

O

3

U)

Component
6. Turbine-Driven Pumps •
•
•
•
•
•
7. HVAC Chillers
•
•
•
•
•
8. HVAC Fans
•
•
•
•
•
•
9. Circuit Breakers
•
•
•
•
•
•
10. Batteries, Battery
•
Chargers Inverters

Includes
Pump casing, impeller shaft, bearings, and seals.
Pump driver.
Pump-to-driver coupling.
Oil pumps, if applicable.
Oil pump control circuitry.
Turbine trip/control valve.
Chiller compressor.
Condenser/evaporator.
Chiller compressor circuit breaker.
Compressor thermal overloads, if applicable.
Compressor control circuitry.
Fan housing, impeller, shaft, and bearings.
Fan motor (driver).
Fan-to-motor coupling/belt.
Fan motor circuit breaker.
Fan motor thermal overloads, if applicable.
Fan motor control circuitry.
Circuit breaker mechanical parts.
Circuit breaker contacts.
Circuit breaker trip coil/mechanism.
Circuit breaker closing coil/mechanism.
Circuit breaker overcurrent protection device.
Circuit breaker control circuitry.
Entire component.

•
•
•
•
•

Does Not Include
Pump discharge valve or suction valve.
Actuation system relays.
Minimum flow recirculation valves.
Pump seal water valves.
Room cooling systems.

•
•
•
•
•
•
•
•
•

Chilled water discharge valve or inlet valve.
Actuation system relays.
Condenser cooling water valves.
Room cooling.
Chilled water pump.
Fan discharge or inlet dampers.
Actuation system relays.
Fan actuation temperature switches/ transmitters.
Interlock logic circuitry.

• Actuation system relays.

• Bus.
• Output breaker.

Table 3-7. Split Fraction Importance Measures Not Defined
due to Division by Zero during Computation
Quantities Equal to Zero (fj is the
Value of Split Fraction i)

Importance Measure
fi

1-fi

R(fi5th%)

=0
FVI, Fussell-Vesely Importance
N/D*
Defined
N/D
N/D
Defined
BI, Birnbaum Importance
Defined
RAW, Risk Achievement Worth
N/D
= !**
RRI, Risk Reduction Importance
=1
N/D
Defined
PI, Probabilistic Importance
Defined
Defined
BCI, Boundary Condition Importance
Defined
Defined
Defined
*N/D = not defined when the variable in this column is zero.
**= 1 = the identified importance measure has a value of 1 for this condition.
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R(fi)
N/D
N/D
N/D
N/D
N/D
N/D

Table 3-8. Replacement Split Fractions for Figure 3-15
Sequence
Path
1
2
3
4
5
6
7
8

Last Failed Conditional
Split Fraction
None
FC1
FBI
FC2
None
FC3
FB2
FC4
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Trains Modeled in Fault Tree
for Replacement Split Fraction
Not Applicable
C
B
B*C
Not Applicable
A*C
A*B
A*B*C

Table 3-9. Summary of Risk Importance Measures Computations
Risk Model
Elements
Initiating Event
Single Accident Sequence
Event Tree End State
Any Sequence Group
Systems
Event Tree Top Events
Guaranteed Failures
Nonguaranteed Failures
Split Fraction
System Initial Alignment
Fault Tree Cutset
Fault Tree Basic Event
*Legend:
FVI =
BI
=
RAW=
RRI =
PI
=
BCI =
A
=
N
=
N/A =
S
=
C
=

FVI
S

s
s
s

N/A
N/A
' N
N
N
S
N

Importance Measure*
RAW
RRI
PI
BI
C
N/A
N
A
C
C
A
C
C
C
A
c
A
c
c
c
N
N
N
N

BCI
N/A
N/A
N/A
N/A
N/A

A
A
A
A
A
A

N/A
N/A
N
N/A
N/A
N/A

N/A
N
A

N
C
N

A
A
A
N
C
A

A
A
A
N
C
A

Fussell-Vesely Risk Importance
Birnbaum Risk Importance
Risk Achievement Worth
Risk Reduction
Probabilistic Importance
Boundary Condition Importance
indicates that these measures are already available via RISKMAN output.
new measures covered by the descriptions in this section.
not applicable for this risk element.
these measures are numerically the same as those for PI.
these measures can be easily computed from the PI.
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Figure 3-1. Systematic Framework for Defining Accident Sequences
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Figure 3-2. Definition of Accident Sequences in a Level 1+ PSA
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Figure 3-5. Flow Chart for Level 1+ Event Sequence Quantification
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Figure 3-6. Example of House Events Representing Failure Modes Conditioned on the
Scenario and Support System Required for Operation
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Figure 3-7. RISKMAN Development of Common Cause Event Subtrees for
Common Cause Group {A, B, C}
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Figure 3-8. Flow Chart of Systems Analysis Steps Using RISKMAN
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Figure 3-9. PSA Database Development Process Flow Chart
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4. PLANT DESCRIPTION AND
HAZARD EVALUATION

4. Plant Description and Hazard Evaluation
4.1 Plant Description
The material in this section is taken directly from a more detailed description of the HIFAR
facility provided by ANSTO (Reference 4.1-1). Details of HIFAR can be found in
Reference 4.1-1 as well as Reference 4.1-2. Additional descriptions of irradiated fuel handling
equipment and storage facilities can be found in Reference 4.1-1 as well as Section 4.3.
The High Flux Australian Reactor (HIFAR) was built at Lucas Heights, near Sydney, by the
Australian Atomic Energy Commission as a research facility.
HIFAR is the second of the six DIDO class reactors, three of which, DR-3 in Denmark, FRJ-2 in
Germany, and HIFAR, are still in service. The United Kingdom Atomic Energy Authority
provided the Commission with plans and specifications of DIDO. The Commission modified the
original design following early operational experience with DIDO, which first went critical in
November 1956.
Work on the foundations started in 1956. The reactor was brought critical on Australia Day,
26 January 1958, to begin an extensive program of reactor physics measurements. Routine
full-power operation started 2 years later and, with the exception of limited shutdowns for
maintenance and refits, has been continuous.
The reactor plant has been continuously modified, principally to accommodate new irradiations
and adapt it to modern safety principles. In addition to over 400 minor modifications, there are
about 80 alterations, ranging in scope from modest and straightforward to the replacement of
whole systems.
HIFAR is a tank type, high flux, heavy water moderated and cooled, materials testing and
research reactor. It uses a small core of highly enriched fuel, moderated, reflected, and cooled by
heavy water, contained at atmospheric pressure in an aluminium tank surrounded by a further
reflector of graphite. These are contained in and supported by a steel tank, which in turn is
surrounded by thermal and biological shields. The reactor is at the first floor level inside a
containment building over a heavy water plant room.
Highly enriched metal fuel, heavy water as the moderator and reflector, and aluminium as the
structural material in the core, were chosen from neutron economy. The result is a high neutron
flux in a large number of irradiation facilities for a small fuel investment and a modest reactor
power. The proximity of the reactor core to the plant room minimizes the investment in heavy
water.
The following sections provide a brief description of the plant layout, the structures of HIFAR,
various components of the reactor, and the systems associated with the handling and storage of
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fuel. The following systems are included in the event models for HIFAR and are described in
Section 7 of this report:
•
•
•
•
•
•
•
•
•
•
•

Electric Power System
Emergency Core Cooling System
Mains Water Cooling to HIFAR Ring Header
Containment Isolation System
Reactor Containment Building Ventilation Systems
Reactor Protection System
Primary Coolant System
Secondary Coolant System
Compressed/Service Air System
Helium Gas System
Space Conditioner System

4.1.1 Plant Layout
A plan view of the HIFAR plant layout is presented in Figure 4.1-1 (from Reference 4.1-3). The
following is a list of the risk important buildings at HIFAR:
•
•
•
•
•
•
•
•
•
•
•
•

Building 15
APR
Building 24
Building 70
Building 4
Building 73
Building 41
Building 23
Building 17
Building 27
Building 42
Building SI

Reactor Containment Building
Auxiliary Plant Room
Pump House Laboratory
Electrical Supply System Building
Old Boiler House
Ausans Instrument House and Rigs Diesel Room
High Activity Handling cells
Isotopes Laboratory
Workshop No. 2
Radioactive Waste Building
HIFAR Rig
Substation No. 1

Building 27, however, is not in the fenced HIFAR area. It is located approximately 400m east of
HIFAR.
4.1.2 Structure of HIFAR
The structure of HIFAR is shown in section in Figure 4.1-2. The reactor and the reactor
containment building are supported on a reinforced concrete raft. The raft incorporates a steel
diaphragm, which is welded to the shell of the building to form a steel containment for the
reactor.
The reactor block, comprising the core, reflectors, reactor tanks, and the biological shield, is
supported by steelwork in the center of the building. Steel columns within the block take the
weight of the reactor top plate and the loads placed on it.
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The reactor steelwork also supports the inner ends of the beams for the operating floor.
Stiffeners welded to the outside of the reactor containment building support the outer ends of the
beams and the polar crane above the reactor.
4.1.3 Reactor Aluminium Tank
The reactor aluminium tank (RAT) contains the reactor core and heavy water reflector. The top
is closed by a gas tight shield. The distribution plate inside the tank serves as the bottom lattice
plate which, together with the shield plug, locates the components of the core and some of the
liners of the irradiation facilities. The side walls include tubes that provide horizontal irradiation
facilities. The location and arrangement of the tank is shown in Figure 4.1-3.
The RAT is part of the heavy water cooling circuit. It incorporates an inlet distribution chamber
at the bottom. Heavy water enters the chamber through three risers, and leaves the tank through
four downcomers. A weir pipe determines the operating water level. The tops of the
downcomers are above the top of the fuel to retain water in the tank and to provide a head of
water for emergency core cooling if the cooling water pipes fail.
The integrity of the RAT is essential for reactor operation and important to safety, although
leakage from it would be contained in the reactor steel tank (RST).
4.1.4 Reactor Core
The reactor core is immersed in heavy water in the center of the RAT. It is of 25 fuel elements,
arranged in 5 rows, 6 control arms, 2 safety rods, and a number of irradiation facilities. The
configuration is shown in elevation in Figure 4.1-3 and in plan view in Figure 4.1-4. The fuel
region is about 600 mm high and 900 mm diameter.
The original fuel elements were Mark II, which were box type. They were replaced in 1962 by
the Mark III, in which the plates were arranged in an involute. This change added 25 fast flux
irradiation facilities to the reactor. These elements were in turn replaced in 1970.
The current fuel elements are British Nuclear Fuel Ltd Mark IV/23. They are aluminium tubular
structures containing uranium/aluminium alloy, clad in aluminium, in four concentric tubes.
Each element contains 170 g 235U at an enrichment of 60%.
The elements are used as assemblies comprising an element, shield plug, thermocouple, and flux
scan assembly. An irradiation rig is sometimes substituted for the scan assembly. A fuel
element and an irradiation rig are illustrated in Figure 4.1-5.
The excess reactivity (a measure of the ability of the reactor to sustain a chain reaction) of the
core is determined by fuel management. Typically, three fuel elements are renewed at shutdown
every 4 weeks to give at startup a 235U investment of 2.8 kg and an excess reactivity of 8%. The
excess reactivity is absorbed by the control arms.
The control arms operate in the heavy water between and outside the rows of fuel elements.
They are not only the control absorbers, but also the main safety shutdown absorbers. Fine

\DIST\REPORT\SECT 4.1.DOC.01/15/98

4.1-3

control of HIFAR is by vernier adjustment of the control arm position. Two safety rods are
additional safety absorbers. They operate inside liners at the edge of the core.
4.1.5 Graphite Reflector and Reactor Steel Tank
The graphite reflector lies between the RAT and the RST. It is about 600 mm thick. It is
penetrated by the heavy water pipes to and from the RAT, and by horizontal and vertical
irradiation facilities. The graphite is bonded to the lining of the RST but is clear of the RAT,
pipes, and facilities. There are thermocouples to monitor the graphite temperature. The reflector
space is sealed by the RST top shield. The position of the reflector is shown in Figure 4.1-3.
The graphite reflector increases the irradiation capacity of the reactor without increasing the size
of the heavy water reflector beyond the optimum for the nuclear reaction. However, the use of
graphite raises the questions of heat dissipation, Wigner growth, oxidation, and self-catalyzing
Wigner energy release.
Some of the heat generated in the graphite is conducted to the RST and the shield cooling
system. The rest is conducted through the helium to the RAT and the heavy water.
Wigner growth of the graphite is accommodated by expansion slots in the graphite opposite and
below the core. The provision for expansion is about 600 mm circumferentially and 450 mm
below the RAT. Oxidation is avoided by the use of dry helium to exclude air from the reflector
space.
The RST contains the reactor. It:
•

Supports the graphite reflector and, with the RST top shield, provides a gas tight
containment for it.

•

Provides secondary containment for the reactor heavy water so that the fuel will remain
immersed even if the RAT fails.

•

Incorporates the thermal shield.

•

In part forms part of the reactor structural steel work.

The RST is necessary for full-power operation and it is important for safety because it provides
secondary containment for the RAT.
The position of the RST is shown in Figure 4.1-3. The tank is cylindrical, 3.3m inside diameter
and 4m high with a flat bottom. The top annulus between the RST and RAT is closed by shield
rings. Where pipes pass through the bottom, the annuli between the RST and pipes are closed by
glands. Holes in the tank sides accommodate, and are closed by, liners for the horizontal
irradiation facilities.
Fastened to the inside of the tank, and to the bottom of the top shields, is a thermal neutron
shield of boral plate.
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Bonded to the outside of the tank, in the annulus between it and an outer casing, is a thermal
shield that provides a heat sink for energy deposited in the graphite reflector and the biological
shield. It is water cooled. A similar thermal shield is incorporated in the reactor top biological
shielding.
4.1.6 Irradiation Facilities
The irradiation facilities are holes into the reactor for irradiation rights or beam collimators. The
facilities are in liners that maintain the integrity of the reactor containment and can provide a
controlled isolated environment for the targets under irradiation. Alternatively, for vertical
facilities in the heavy water, the liner may be perforated to allow the heavy water to cool the rig.
There are 81 facilities in HIFAR, 51 with vertical orientation and 30 horizontal.
4.1.7 Biological Shield
The biological shield reduces the radiation around the reactor for the safety of the reactor
personnel and to limit the background radiation to sensitive instruments.
The main shield on the sides and bottom of the reactor is pierced by holes for the irradiation
facilities, ionization chambers, pipes, service stations, and ducts. The top is perforated by
vertical storage holes for radioactive equipment. All the holes are shielded by plugs.
The main shield is a monolithic composite of barytes and steel shot concrete. It is 1.5m thick at
the sides and 1.3m thick at the bottom. It was designed to reduce radiation levels to 7.5 jaSv/h at
the sides of the reactor and 75 uSv/h at the bottom (in the heavy water plant room).
The top shield has four parts:
•
•
•
•

Steel Tank Top Shields
Aluminium Tank Top Shield
Top Shield Ring
Top Plates

The tank top shields are 1.1m thick. They provide enough shielding for safe working on them
when the reactor is shut down. The top shield ring and plate complete the shielding for
full-power operation.
The shield ring and top plates were also designed to attenuate radiation from fuel elements and
rigs while they are being unloaded or loaded through the space between the reactor and the top
plate.
The temperature of the concrete is monitored by thermocouples.
4.1.8 Reactor Containment Building
The reactor containment building provides a physical barrier between the reactor and the
environment. It is shown in section in Figure 4.1-2. It is a cylinder 21m in diameter and 21m
high with a low profile conical roof. The shell of the building is welded steel. It is welded to the
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foundation diaphragm and to the vertical stiffeners that also support the operating floor and the
polar crane. The interior of the shell is insulated and there is an acoustic ceiling.
The building shell incorporates four airlocks, three for people and one for vehicles. Only one of
the two doors on each airlock can be open at once.
Passing through the shell are the following openings:
•
•
•

Ventilation Ducts
Isotope Carrier Tubes
Effluent Outlet Pipes

These penetrations must normally be open.
The measured leak rate of the sealed building is typically 1% day'1 at 10.0 kPa.
The state of the building ventilation, airlock doors, and CIS are displayed in the control rooms.
4.1.9 Emergency Control Room
The emergency control room was designed to be manned as an alternative to the reactor control
room when the RCB is evacuated. The emergency control room is shielded from radiation and
the inlet air is filtered to protect the crew from radioactivity. It is air conditioned.
The emergency control room is a rectangular concrete building 25m south-southeast of the
reactor. It is designed to serve two functions. It is a control room for monitoring the course of
an incident and controlling the reactor containment; and it is an advance base for the recovery
phases of a HIFAR accident. It has only had to be used for routine operations and safety
exercises.
The ECR is equipped with radiation and radioactivity instruments and emergency equipment,
communication and surveillance systems, log books, and reactor reference documents.
It is instrumented to monitor:
•
•
•
•
•
•
•
•
•

Radiation outside the emergency control room.
Barometric pressure.
Emergency control room temperature.
Reactor and building water levels.
Reactor pressure.
Containment building pressure.
Core cooling systems status.
Containment isolation systems.
Electrical power supply systems.
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Controls are provided for:
•
•
•
•
•
•
•
•
•

Heavy water main circulators.
Restoring the mains power.
Electrical load shedding.
Isolating air supplies.
Isolating, desolating, and venting the containment building.
Containment air conditioning systems.
Active drains.
Mains water to head tanks.
Giving the area urgent evacuation alarm (SCRAM).

4.1.10 Irradiated Fuel Flasks
Irradiated fuel, absorbers, rigs, and targets are radioactive and must be handled and stored within
shielding. Shielded machines are provided for the handling operations. They are:
•

The fuel element assembly flask, which is used to transfer used fuel element plugs to the
fuel assembly station and the new fuel element assemblies to the No. 1 storage block.

•

Fuel element load/unload flasks, for exchanging used fuel element assemblies in the
reactor with new fuel element assemblies from the No. 1 storage block. They are
provided with forced air cooling and can be flooded to prevent the elements overheating.

•

The fuel element shear and transport flask, where spent fuel elements are separated from
their shield plugs and transported in the flask for cropping.

•

The vertical rig flask, which is used to load, unload, and transport rig assemblies and
control absorbers, on and between the reactor, the No. 1 storage block, the 60Co cell in
Building 23, and the Building 41 hot cells.

There is no standard flask for horizontal rigs; when a horizontal rig is unloaded, special shielding
is provided. Special purpose flasks are provided where appropriate; the shielded pots for
isotopes and the NTD Si transfer flasks are examples.
The mechanisms in the standard flasks are manually operated, except for the hoist in the rig
flask, which is motorized.
The flasks are heavy and can only be lifted by the polar crane. The unload and load operations,
which often involve the removal and replacement of the reactor top plates, are a factor in the
duration of routine shutdowns. Core changes are subject to administrative control for safety and
detailed scheduling for efficiency. Even so, the operations are slow and labor intensive.
4.1.11 No. 1 Storage Block
No. 1 storage block is on the ground floor inside the reactor building beside the vehicle air lock.
It is shown in Figure 4.1-2. It provides dry vertical and horizontal storage for irradiation facility
plugs and rigs and dry vertical storage for new fuel element assemblies. It also provides a water
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tank and cooling system for storage of used fuel elements. Access to the horizontal storage is
from the ground floor of the building. Access to the vertical storage is from the top for the block
that is just below the reactor first floor level. Handling of flasks on the block is by the polar
crane.
The cooling system of the used fuel element storage tank is instrumented to monitor:
•
•
•
•
•
•
•

Tank Water Level
Water Temperature
Tank Integrity
Cooling Water Flow
Cooling Water Temperature .
Cooling Water Radioactivity
Emergency Cooling Water Flow

4.1.12 References
4.1-1. ANSTO, Working Paper 1, "Description of HIFAR," part of Attachment D "HIFAR:
The High Flux Australian Reactor" of the 1993 Research Reactor Review: New
Research Reactor for Australia.
4.1-2. ANSTO, Safety Document, NTP/TN 193, draft 1994.
4.1-3. ANSTO Drawing AOE 10001.
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4.2 Site Sources of Radioactive Material
This section discusses the key buildings at the Lucas Heights Research Laboratories (LHRL) that
are considered in the PSA. First, a brief overview of the key buildings is presented in
Section 4.2.1. This is followed in Section 4.2.2 by a summary of the radioactive inventories of
interest in each of the key locations. No attempt has been made to compile a complete inventory
of all of the radiation sources in these buildings. Instead, the inventories in irradiated fuel
elements and selected systems containing tritiated water are presented. These radiation sources
form the focus of the risk assessment.
This study is an assessment of the risks from HIFAR operation. These risks are judged to be
dominated by the use and handling of HIFAR fuel elements. Therefore, a detailed summary of
the fuel handling activities at HIFAR is presented in Section 4.2.3. This description includes a
discussion of the fuel handling activities at each location, as well as the transport of fuel to and
from each location. A description of the key features of HIFAR reactor operation, both at power
and during shutdown, is deferred until Section 4.3. The selection of plant operating states for
quantitative assessment in Section 4.3 also makes use of the background material on fuel
handling presented in Section 4.2.3.
4.2.1 Sources of Radiation Associated with HIFAR Operations
The fuel elements and tritiated water sources of radiation assessed here are found in the
following buildings at LHRL:
•
•
•
•
•
•

Building 15 - HIFAR Reactor
Building 17 - Nuclear Materials Vault
Building 23 - HIFAR Irradiated Fuel Cropping and Irradiation Ponds
Building 27 - HIFAR Irradiated Fuel Long-Term Storage Facility
Building 41-Fuel Handling Pond
Building 59 - Nuclear Material Stores and Dounreay Flasks

Building 15 (also known as the reactor containment building or RCB) contains the highest level
sources of radiation at HIFAR. It contains the reactor core, the heavy water circuit, and the
No. 1 Storage Block. The HIFAR reactor is used to produce radioisotopes for medical and
industrial use and neutron beams for neutron scattering facilities. It also irradiates large silicon
single crystals for commercial electronic devices. A number of fuel handling activities are
performed within this building, as described in Section 4.2.3. The radiation sources within this
building form the primary focus of this study.
Building 17 contains the stores of new (unirradiated) fuel elements prior to their being brought to
the HIFAR and Moata reactors. The Moata (100 kw) research reactor is no longer in service.
The same vault also contains plutonium oxide for research. Since they have not yet undergone
fission, the radioactive inventories in the new fuel elements and plutonium oxide are much
smaller in comparison to irradiated fuel elements.
A second nuclear material storage vault is also located in Building 17; however, this vault does
not contain any fuel related to HIFAR. It contains some depleted natural uranium, some low
enriched uranium, and some neutron sources.
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This study focuses on accidents involving HIFAR fuel elements only, primarily those which
have been irradiated. The handling and storage of fresh fuel elements in Building 17 have been
considered for the potential for inadvertent criticality; however, because such fuel elements are
only handled one at a time, no risk of such criticality events has been identified. A review of the
activities performed within this building was performed (see Section 4.2.2), and the risks from
these sources was judged to be negligible. The calculation of any risks from the storage of
plutonium oxide in Building 17 are not within the scope of this study.
Building 23 contains the cropping pond and the gamma irradiation pond; which is now mainly
used as an irradiated fuel element storage pond. Irradiated fuel elements are brought to the ponds
in Building 23 after removal from the No. 1 Storage Block in Building 15. In separate sections
of Building 23, processing of the irradiated targets takes place to produce industrial and medical
isotopes, including Technetium Generators. The risks from the irradiated targets is not assessed
here. This study considers the risks from the handling of irradiated fuel elements to, from, and
storage in the ponds of Building 23.
Building 27 contains the spent fuel storage facility. It is for long-term, dry storage of irradiated
HIFAR fuel elements. It has the capacity to store up to 1,100 fuel elements. Irradiated fuel
elements may be delivered to Building 27 from Building 23 or Building 41.
Building 41 contains the No. 2 Storage Block, a fuel handling pond, and high activity handling
cells. The below ground No. 2 Storage Block is not currently being used for fuel element
storage. This has been the case for some time. Instead, the storage block is used to house
irradiated rigs that are no longer of use and other, relatively low level radioactive equipment.
The pond in Building 41 has been and will be used for loading shipping casks in preparation for
transporting the irradiated fuel elements overseas; i.e., to the UK or the U.S. for reprocessing or
disposal. A small number of irradiated fuel elements are currently stored in the pond. The pond
is also used to test the coarse control arms after maintenance.
The high activity handling cells are occasionally used for fuel element examination. Also,
irradiated coarse control arms are removed from the head units, and new CCA blades are
installed in these cells and then returned to Building 15, as needed.
Building 41 is also of interest in this study because during transport of irradiated fuel elements
from Building 15, the shear and transport flask containing four irradiated fuel elements passes
through it on its way to the ponds in Building 23.
Building 59 houses approximately 700 metal drums of thorium compounds and seven Dounreay
flasks containing a total of 175 irradiated fuel elements. The risks from storage of these flasks is
considered in this assessment. The drums of thorium are not related to current fuel handling
activities at HIFAR and therefore are not considered further.
Table 4.2-1 provides the numbers of fuel elements in different locations as of May 1996; per
Reference 4.2-1. These numbers constantly change with time but are judged typical of operation
at HIFAR. The fuel element totals are at or very close to the maximum number of fuel elements
that would ever be seen for the reactor core and the No. 1 Storage Block, Building 27, and the
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Dounreay flasks in Building 59. The capacity of the gamma irradiation pond in Building 23 is
being expanded by another 103 irradiated fuel elements. The Building 23 cropping pond may
contain for a time up to 25 fuel elements. The Building 41 pond would contain at least
120 irradiated fuel elements (i.e., in the two shipping baskets) just prior to loading the
LHRL-120 shipping cask.
By way of comparison, the study team inspected the No. 1 Storage Block on October 8,1996,
and found that it contained 6 new fuel elements, 16 fuel elements in the irradiated fuel element
section, and 1 very old, Mark IV-5, fuel element in the burst fuel section. This more than
25-year old fuel element has not burst and was last unloaded from the reactor in August 1984. It
is retained in this section for calibration. According to Reference 4.2-2, the tank containing the
burst fuel element section has been drained and the cooling system disconnected. Also,
inspection of the Building 41 pond showed that there were eight irradiated fuel elements present
on the same day. These totals are similar to those found in Table 4.2-1 for the earlier date.
Estimates are also provided for the range of times since shutdown that irradiated fuel elements
are stored in the indicated locations. These estimates are derived from Reference 4.2-1, the
descriptions of fuel handling activities in Section 4.2.3, and discussions with cognizant personnel
at ANSTO.
4.2.2 Radiation Levels of Selected Radiation Sources
Due to natural radioactive decay, the sources of radiation differ at each stage of the fuel handling
process. The different states of interest are summarized below.
The radiation sources within the scope of this assessment are the fuel and fission product
inventories contained in the irradiated fuel elements, and the tritium and fission products
contained in the heavy water circuit. Because this study is a Level 1+ assessment, the
radionuclide inventories presented are not quantitatively used further. However, the inventories
listed are used to assess the relative importance of different radiation sources during the
development of the accident sequence models described in Section 5. For this purpose, the
inventories listed are judged to be reasonable.
Table 4.2-2 shows the HIFAR fuel element radiation inventories taken from References 4.2-1,
4.2-3, and 4.2-4. References 4.2-3 and 4.2-4 actually provide a further breakdown of the
inventories into classes of fission products; e.g., noble gases. These classes of radionuclides
have been summed into a single activity for ease of comparison. The referenced calculations of
these inventories all assumed that the fuel was initially in the reactor at power for
100 consecutive days, or roughly 80 MW-days of burnup. This is believed to yield conservative
results relative to the normal operation of 7 to 11, consecutive 28-day program cycles at HIFAR;
i.e., at power for 24 days out of 28. This is because the power levels in each fuel element
continue to decrease with succeeding program cycle in which it remains in the core. Such an
approach is judged to be reasonable.
The total fuel element inventories are presented in Table 4.2-2 for a single irradiated fuel element
for various times after plant shutdown. These inventories can be scaled by the number of
irradiated fuel elements to obtain the total inventories in a particular storage location. The results
in Table 4.2-2 indicate that the irradiated fuel element activities fall to around 1% of their initial
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levels within 2 days of a reactor trip. Radioactive decay continues thereafter so that within
1 year the levels have fallen to less than 0.1%, and within 5 years to less than 0.01% of the initial
levels.
Table 4.2-3 indicates the decay heat generated by a HIFAR irradiated fuel element as a function
of time after reactor shutdown. These results were repeated from References 4.2-1 and 4.2-5.
The results are typical for other reactor types.
The decay heat results for less than 1 year presented in this table are based on an assumed initial
power level of 830 kw for a single fuel element. This power level is an upper bound estimate for
the maximum fuel element power level assuming a total reactor power level of 10 MW. A
realistic maximum fuel element power level is 650 kw; per Reference 4.2-5. The upper bound
estimate allows for uncertainties in the total reactor power, power distribution factors, and in the
decay heat calculations. Conservatively, Reference 4.2-6 combines all these uncertainties to give
the upper limit of 830 kw for the fuel element with the maximum power level.
The results in Table 4.2-3 are consistent with the decay heat fractions predicted for light water
power reactors. The results for HIFAR indicate that the heat generated by one HIFAR irradiated
fuel element for days after shutdown is comparable to a standard hair dryer. Within 1 year of
shutdown, the heat generated by one HIFAR irradiated fuel element is comparable to a small
electric light bulb.
By combining the single irradiated fuel element activities in Table 4.2-2 for a particular time
with the estimated number of irradiated fuel elements in each key location (i.e., Table 4.2-1),
estimates are obtained for the total radioactivity inventories in each location. Table 4.2-4
presents rough estimates derived by this approach. These results are for comparison purposes
only and should not be used for other purposes without due consideration of the approximations
of the results. It is clear from Table 4.2-4 that the HIFAR core contains the greatest amount of
radioactivity, and that the No. 1 Storage Block, also inside Building 15, is the second largest
source. During a major shutdown at HIFAR, all 25 irradiated fuel elements will be offloaded to
the No. 1 Storage Block. During these times, the No. 1 Storage Block has the highest levels of
radioactivity inventory.
By combining the single irradiated fuel element decay heat generation rates for different times
after shutdown in Table 4.2-3, with the number of irradiated fuel elements in each location (i.e.,
Table 4.2-1), estimates are obtained for the total heat generation in each location. Table 4.2-5
presents rough estimates derived from this approach. These results are for comparison purposes
only and should not be used for other purposes without due consideration of the approximations
of the results. It is clear, however, from Table 4.2-5 that the HIFAR core also contains the
largest decay heat source, and therefore the greatest driving force for release, even after
10 minutes of decay. The No. 1 Storage Block again has the second largest decay heat source.
Due to the much longer periods of decay, the larger numbers of irradiated fuel elements stored in
Buildings 23, 27, and 59 have much lower decay heat levels.
During plant operation, tritium is produced by the irradiation of heavy water. The tritium
produced, with a half-life of 12 years, remains present in the heavy water for many years. The
nominal level of tritium in the heavy water circuit at HIFAR is routinely measured. Plant
records (Reference 4.2-2) covering the period from October 1982 to August 1996 show the
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tritium concentration in the heavy water circuit has increased from 1.7 x 10+8 Bq/ml to 3.2 x 10+8
Bq/ml. This is expected since continued irradiation produces more tritium, although some
reductions occur due to radioactive decay. By considering the volume of heavy water in the
primary circuit and for selected tanks (Reference 4.2-2), and assuming that the concentration of
tritium at each location is the same, leads to the tritium inventories presented in Table 4.2-6.
These activities are well below those found in the locations containing irradiated fuel elements.
Although gamma activity levels in the primary circuit are continuously monitored via the helium
gas system in order to ensure compliance with HIFAR Operating Limits and Conditions
(OL&C), only recently have measurements of the fission product activity concentrations been
taken; Reference 4.2-7. The maximum total fission product activity concentration provided was
only 710 Bq/ml. Table 4.2-6 also contains the total fission product activity levels in the heavy
water circuit.
Tritium levels in the No. 1 Storage Block are much lower than in the heavy water circuit.
Tritium in the storage block comes from the tritiated heavy water remaining on the drained,
irradiated fuel elements that are returned from the HIFAR core. The No. 1 Storage Block system
is flushed weekly, which helps to reduce the tritium concentration. Tritium concentrations have
varied since May 1995 from 1.0 x 10+4 to 3 x 104 Bq/ml (Reference 4.2-8), except following
major shutdowns. These concentrations are roughly a factor of 10,000 below that of the tritium
levels in the heavy water circuit. Currently (i.e., August 1996), typical measured values are 1.3 x
10" to 1.5 x 104 Bq/ml. Assuming an average of 2.0 x 104 Bq/ml, and a storage block water
inventory of 3,345 liters (Reference 4.2-9) yields a tritium content of 6.7 x 10+1° Bq for times
other than those immediately following a major plant shutdown.
However, a peak tritium concentration of 1.04 x 105 Bq/ml was measured during the last major
shutdown on the week of 19 October 1995. This greater concentration is to be expected because
all irradiated fuel elements were offloaded from the core into the storage block. This peak
concentration is assumed to be representative of No. 1 Storage Block tritium content during all
major shutdowns. The total tritium content for such periods is then 3.5 x 10+n Bq, still a factor
of about 10,000 less than that in the heavy water circuit.
The tritium inventories for the No. 1 Storage Block are summarized in Table 4.2-7.

4.2.3 Detailed Summary of Fuel Handling Activities
The previous description focused on the radiation sources at HIFAR associated with HIFAR fuel
handling. This section provides a more complete description of fuel handling activities, both
within and away from the reactor core. Figure 4.2-1 portrays the flow of fuel elements from
Building 17 to long-term storage. This section was prepared as a summary of the very detailed,
pertinent HIFAR Active Handling Manual procedures, related instructions and notes, and
discussions with personnel responsible for these activities; i.e., References 4.2-9 through 4.2-34Reference 4.2-13 is the general procedure covering much of these activities. It refers to other
procedures and instructions as required. Some of the fuel handling activities are performed
inside the RCB with the plant at power. Fresh fuel and irradiated fuel elements are both also
handled outside the RCB.
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The fuel elements are transported to several different stations during the fuel cycle at HIFAR.
The transport activities between these stations are described below. The fuel handling activities
are described in the same sequence that a new fuel element would traverse them from arrival
onsite as new fuel at HIFAR to final storage, or preparation for shipment offsite.
Building 17
Building 17 contains the new fuel element storage vault; i.e., the nuclear materials vault. In
years past, the vault was located in Building 53, but in 1996 it was relocated to Building 17.
Currently, there are no approved procedures available to describe the initial transfer of new fuel
elements into Building 17.
The following description is based on References 4.2-32 and 4.2-33. New fuel arrives by air
freight in transport containers packaged by the UKAEA. Usually just one but at most two
containers at a time are transported to HIFAR from the airport by motor vehicle under an escort
provided by the Australian Protection Services. These containers are sealed, bolted, and locked
closed. Each container contains eight new fuel elements arranged in two rows of four.
The vehicle transporting the container is backed into the unloading bay at Building 17. The
container is unloaded from the vehicle by forklift. A cart is used to wheel the container into the
nuclear materials vault. The container is then unsealed. One fuel element at a time is unloaded
manually and stored in the racks within the storage vault. The empty transport container is
removed from the vault and the vault doors are locked closed. The empty transport containers
are later returned to the fuel manufacturer.
The nuclear materials vault has a maximum capacity of 160 fuel elements. It consists of five
modules, each module capable of holding 32 elements in an 8 x 4 array. The vault is a heavily
reinforced concrete structure. It is only used for storing fuel. No operations other than receiving
or issuing materials takes place in the nuclear materials vault.
The new fuel elements are inspected within the first 2 weeks of their arrival at HIFAR. They are
taken from the fuel element storage vault and placed on an inspection stand outside the vault.
For the inspection, no more than one fuel element is removed from the vault at a time. The fuel
elements are inspected for appearance and dimensional accuracy, and compared with the
Manufacturer's Inspection Certificate. Each new fuel element must not contain more than
170 grams of U-235. The fuel elements are individually approved as acceptable for use in
HIFAR in accordance with Reference 4.2-14.
The new fuel elements are later transferred from Building 17 to the RCB in accordance with
References 4.2-15 and 4.2-32. The site transport container is stored in the RCB basement where
it was last unloaded. The empty container is manually moved through the vehicle air lock and
loaded onto a HIFAR service vehicle in the active handling bay of Building 41. The HIFAR
service vehicle is used to transport the empty container to Building 17. At Building 17, the site
transport container is moved to the nuclear materials vault.
One fuel element at a time is then transferred to the site transport container. The site transport
container is made of four aluminium tubes suitable spaced. The fresh fuel elements are carried
from the storage vault. The site transport container is criticality certified to hold up to four new
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fuel elements; Reference 4.2-26. When loaded with fresh fuel, two of these containers may be
kept side by side but are required to be kept 1,8m away from other fissile fuel. The loaded site
transport container is then transferred back to the RCB again using a HIFAR service vehicle.
The loaded transport container is transferred through the vehicle air lock and unloaded into the
RCB basement.
Fuel Element Assembly Station
Once inside the RCB, the site transport container is stored on the shelf of the fuel element
storage bench, near the Building 40 vehicle air lock. Security bars are installed and locked. The
storage bench is located very near the fuel element assembly station. Two of the site transport
containers, each with four fuel elements, can be placed side by side. The fuel element storage
bench is arranged so that the fuel elements lay down on their side.
Before the new fuel can be loaded into the reactor core, each of the new fuel elements must be
taken from the transport container and mated with a shield plug; Reference 4.2-16. This
operation is performed between shutdowns when the reactor is at power.
The activities to shear an irradiated fuel element are described in detail later during discussion of
the shear and transport flask activities. After the shear process, a shield plug and coupled ragged
end are returned to the new fuel section of the No. 1 Storage Block. These actions are completed
prior to the starting point of this discussion.
A used shield plug and its ragged end is first taken from the new element section of the No. 1
Storage Block using the ragged end assembly flask. Irradiated fuel elements are never stored in
the new fuel element section, and during this activity, only shield plugs from the new fuel
section are selected. The Active Handling Supervisor verifies that the selected fuel section hole
number contains a ragged end by comparison against the RCB tallyboard. The active handler
locates the flask over the selected section hole and verifies that the plug disc is blue and marked
ragged end assembly. The Active Handling Supervisor also verifies that the shield plug serial
number on the removed plug matches the number on the tallyboard. Dose rates are also checked
at the time of the lift from the storage block to ensure that an irradiated fuel element is not
mistakenly being lifted from the storage block; i.e., dose rates must be less than 500 mSv per
hour. The bottom of the ragged end assembly flask is not closed, so that a radiation beam comes
down from the ragged end. The shield plug and ragged end have been stored for sometime in the
No. 1 Storage Block; e.g., greater than 37 days and often much longer.
When new fuel elements must be assembled, the shield plug and ragged end are transported
using the ragged end assembly flask to the fuel element assembly station where the operators
manually decouple the ragged end from the shield plug by releasing the salvage coupling. A
temporary cover is placed over the vacant hole in the No. 1 Storage Block. At the fuel element
assembly station, the ragged end assembly flask is first located on the assembly station.
Radiation levels are limited to 0.5 mSv per hour. The shield plug and ragged end is then
clamped to the assembly station. The ragged end is manually removed from the shield plug by
undoing the salvage clamp clips, allowing the ragged end to fall into a previously attached
polythene bag in the cradle of the assembly station. The ragged end is later placed in a storage
container, the ragged end storage flask. The shield plug is positioned in the fuel assembly station
and the shield plug clamps tightened. The ragged end assembly flask is then removed.

\DIST\REPORT\SECT 4.2.DOC.01/15/98

4.2-7

One new fuel element is then removed from its cylindrical container at a time. At the fuel
assembly station, the shield plug, still mounted to the fuel assembly station, is then coupled to
the new fuel element. This coupling is performed manually and later the fuel element
thermocouple is attached to the assembly. A fuel element hoist at the fuel assembly station is
used to lift the fuel element and attach it to the salvage coupling of the shield plug.
The ragged end assembly flask is then again located above the assembly station. The shield plug
clamps are unscrewed and the mated fuel element is lifted up using the ragged end assembly
flask. The mated new fuel element assembly is then transferred to the new fuel element section
of the No. 1 Storage Block, to the same hole from which the ragged end was first removed. A
white storage block plug disc is used to mark the new fuel element storage block plug. A white
tag with the shield plug and fuel element number is also placed on the talleyboard.
Wo. 1 Storage Block, New Fuel Locations
The new fuel elements in the new fuel section of the No. 1 Storage Block are stored in dry holes.
Distinct colors (white for new fuel element assemblies) and labels are used to distinguish new
fuel element storage locations from other storage locations. The contents of each fuel element
storage hole are also kept track of via a tallyboard in the RCB near the No. 1 Storage Block. The
storage block has space for 78 new and used fuel elements and for ragged ends.
Currently (i.e., as of July 1996), only about half of the fuel element storage locations are in use.
The new fuel elements are stored in the new fuel section of the No. 1 Storage Block at least one
program cycle in advance of being transferred into the core; i.e., they are moved here earlier than
one shutdown prior to the shutdown in which transfer to the reactor core will take place. At the
end of the planned 4-day shutdown observed for this assessment, four new fuel elements were
already in place in the storage block ready for fuel loading during the next operating program.
HIFAR Core
During a reactor planned shutdown, the new fuel elements that have previously been mated up
with shield plugs are transferred from the No. 1 Storage Block into the reactor core; in
accordance with References 4.2-17 and 4.2-18. Over the course of a typical year, 37 fuel
elements are replaced in the HIFAR core (Reference 4.2-1). Fuel replacement is not performed
until the fourth day of the normal 4-day shutdown.
Prior to actual fuel replacement, the irradiated fuel elements to be replaced with fresh fuel for the
next program are first prepared for refueling, as follows. On the fourth day of a planned
shutdown, the reactor top plate is removed and the thermocouples for the irradiated fuel elements
to be removed are disconnected. The rig numbers specified on the "Reactor Analysis Group
Core Unload/Unload Certificate" are checked against the tallyboard and the selected shield
plugs. The lifting adapters for the flux scan assemblies are installed, and the hollow fuel element
rigs are secured to their liners so that both can be removed together. The top plate is then
restored and the top plate plug for the first fuel element to be replaced is then removed.
The vertical rig handling flask (Reference 4.2-18) shown in Figure 4.2-2 (from Reference 4.2-35)
is used to transfer rigs, liners, flux scan assemblies, and plugs. It has just one barrel, which is
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larger in diameter than a barrel in the fuel element flask described later. The larger barrel
permits it to be used for transporting coarse control arms or the larger vertical rigs. It must be
moved twice for each transfer operation between the storage block and reactor core. It has a
motorized winch but it can also be manually operated. The motorized winch is always used for
rig servicing with the reactor completely shutdown. The grab must be manually connected and
disconnected. It has no interlocks for the operating mechanisms. It does not have an air cooling
system like the fuel element flask does.
The vertical rig handling flask, with its door closed, is then moved by the RCB crane to about
lm above and adjacent to the hole in the reactor top plate. The flask door is opened and the flask
cable is lowered sufficiently to permit the grab to be manually connected to the rig or flux scan
assembly. The flask cable is then raised slowly as the rig is lowered to the top plate. Power to
the RCB crane is then removed. The Active Handling Supervisor then obtains permission from
the control room operator to start the unload of the selected rig and liner, or flux scan assembly.
The rig and liner, or flux scan assembly is then raised to the top of the flask using the raise and
stop buttons of the motorized hoist. The hoist can also be manually raised. The flask door is
then closed.
RCB crane electrical power is restored and the vertical rig handling flask with the rig and liner or
flux scan assembly is then moved by the RCB crane to the side of the reactor top plate. The
crane hook is then removed from the flask. This allows the fuel replacement to proceed. First,
however, a short, red shield plug is inserted into the plug hole vacated by the rig and liner or flux
scan assembly. The irradiated fuel element is then ready for replacement.
No irradiated fuel element is removed unless its fission product decay heat has fallen to less than
2 kw, and per plant OL&C no element is removed before 48 hours after shutdown. In practice,
fuel element replacement is only performed on the fourth day of a planned shutdown, more than
72 hours after plant shutdown.
There are two fuel element loading/unloading flasks (19 tons each), hereafter each is referred to
as a FE flask. See Figure 4.2-3, repeated from Reference 4.2-35. Each FE flask can contain up
to two fuel elements at a time, each in its own barrel of the flask. The FE flasks are normally
stored at the 5m level of the RCB; i.e., at the same elevation as the control room. The FE flask
barrel containing the new fuel element is uncooled. The irradiated fuel element barrel is cooled
by forced air in a closed system, capable of removing 1.3 kw. The secondary side of the closed
system is also cooled by forced air.
The flask door, grab, and grab jaws are all mechanically operated using handwheels. The flask
bottom shield door is interlocked to prevent its closure unless the jaw grabs are fully raised
within the flask. This is to minimize the chance that the shield door closes on a partially inserted
fuel element. The FE flask grab can only be raised or lowered manually.
The Active Handling Supervisor assures that the new fuel element number on the talleyboard
matches the number on the core movement and that the plug is white and marked "new fuel
element." The shield plug is removed and its engraved number compared to the number on the
talleyboard.
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For fuel replacement, the FE flask is transferred to the storage block hole containing the new fuel
element to be loaded. The operators then isolate power to the RCB crane to prevent spurious
actions from affecting the fuel element load or removal from the flask. The flask door is opened
and the new fuel element with mated shield plug is first lifted up into one barrel of the fuel
element flask, the flask door closed, the element lowered into the cold cup, the grab disconnected
and raised, and the barrel rotated 180 degrees.
The Active Handling Supervisor checks the irradiated fuel element number on the core
movement certificate and verifies that it matches the orange tag on the tallyboard. They also
verify that the red, short shield plug has been inserted in the hole vacated by the rig and liner or
flux scan assembly. The FE flask is then lifted up and transported to the reactor top plate to the
locating ring above the irradiated fuel element to be replaced. The light on top of the flask must
be green, signifying that the bottom shield door is closed and locked, before the lift is made; i.e.,
the light cannot be red.
Once the FE flask is moved to the top plate and positioned over the fuel element to be replaced,
power is again isolated from the RCB crane. The reactor top plate is kept in place during all fuel
element replacement activities. Fuel replacement is instead carried out through plugs in the top
plate. The FE flask surrounds the opening to be created by the removal of the shield plug and
through which the fuel elements will pass.
Once the FE flask is positioned, the empty, hot cup barrel is verified to be in position and the
flask sliding, shield door at the base of the flask is opened. The flask grab jaws attach and are
locked onto the lifting mushroom previously inserted onto the top of the shield plug of the
irradiated fuel element to be removed. The Active Handling Supervisor obtains permission from
the control room operator to unload the selected irradiated fuel element.
The irradiated fuel element and associated shield plug is then lifted to the drain position, the
locking pin inserted, and allowed to drain for 3 minutes. The irradiated fuel element is then fully
raised into the flask. The hot cup is positioned under it, the flask door closed, and the element is
lowered into the cup. The grab jaws are then disconnected and raised, and the FE flask barrel
with the irradiated fuel element is rotated away from the grab jaws.
The grab jaws are then attached to the new fuel element in the other barrel, the element raised
within the flask, the cold cup rotated away, and the flask door opened. The Active Handling
Supervisor obtains permission from the control room operator to begin the loading of the new
fuel element.
The attached new fuel element and mated shield plug is then lowered into the core. The entry is
slowed as the element approaches the master plug plate, which has a smaller diameter opening.
The grab is disconnected after the element reaches the fuel nozzles, the green tension light goes
out, and the alarm sounds. The grab is then disconnected from the mushroom and raised into the
flask and the shield door is closed. The barrels are then rotated to place the irradiated fuel
element under the grab, and the FE flask air cooling system is started.
If the air cooling system fails, the operators are instructed to transfer the irradiated fuel element
to the irradiated fuel element storage section of the No. 1 Storage Block as soon as possible. In
the event of a loss of the air cooling fans and a delay in delivering the irradiated fuel element to
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the No. 1 Storage Block, the operators may attach a hose to the flask and fill it with water.
Filling of the flask with water is only to be used as a last resort. It is not to be undertaken unless
there is indication that the fuel element temperature is beginning to rise.
It usually takes only 10 to 15 minutes to lift up and transport an irradiated fuel element to the
No. 1 Storage Block, so this is the preferred action. Without cooling, however, the initial rate of
temperature rise would be significant. According to experiments performed at HIFAR
(Reference 4.2-36), the fuel temperatures may exceed 200°C in 30 minutes. The water added to
the flask does not come in direct contact with the hot fuel. Instead, the water surrounds the flask
barrel promoting heat transfer to the remainder of the flask.
When a fuel element has been replaced, the Active Handling Supervisor locks the new fuel
element into position. The fuel element is lifted and rotated until it correctly seats on the fuel
nozzle, and then the breach ring is installed to lock the fuel element shield plug to the
permanently positioned breach block.
After the fuel element replacement is completed, the rig and liner or flux scan assembly is
returned to the hole vacated earlier. The vertical rig handling flask containing the rig and liner or
flux scan assembly is returned to the top plate above the hole. Power is again removed from the
RCB crane and the vertical rig flask door opened. The Active Handling Supervisor obtains
permission from the control room operator to start the load of the rig and liner, or FSA.
The flask cable is then lowered using the lower and stop buttons. The grab is then disconnected
from the rig and liner or flux scan assembly, the cable raised into the flask, and the door closed.
The empty vertical rig handling flask is then positioned for the next fuel element to be replaced,
or it is returned to its park position. During power unloads, the FE flask rather than the vertical
rig flask is used to remove the HFE rigs. Therefore, while at power the rigs are removed using a
manual winch.
Finally, after all the selected fuel elements have been replaced, the flux scan assemblies and rigs
and liners for the new fuel elements are locked into position and fuel element thermocouples are
connected. The thermocouple for each fuel element is monitored by the Data Acquisition
System (DAS).
As a final check of loaded fuel element position, the reactor top plate is removed. At this time,
the depth between the top of the breach block and the fuel element shield plug is measured for
each of the freshly loaded fuel elements. If not within a range of 4.5 mm, the fuel element is
assumed to be out of position (i.e., deformed or not seated) and must be reset or replaced.
No. 1 Storage Block, Irradiated Fuel Storage Section
The FE flask is used to return the irradiated fuel element and shield plug to the No. 1 Storage
Block. The crane operator checks that the flask top green light is present indicating that the
shield door is closed and locked before the flask is lifted. Failure to have closed the sliding
shield door on the FE flask would set off a radiation alarm once the flask was raised from the top
plate.
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Once over the storage block, power to the crane is isolated, the air cooling system stopped, and
the flask barrel/cup position indicators checked to make sure that the irradiated fuel element is
under the grab. The grab is attached to the lifting mushroom, the flask shield door is opened, and
the irradiated fuel element is lowered into the block. The lose of tension in the grab cable is
alarmed by a light and an alarm bell. The jaw grabs are detached and raised fully into the flask
and then the shield door is closed. Orange and blue irradiated fuel element tags are transferred to
the storage block tallyboard.
The FE flask is used to repeat the above process for as many new fuel elements as is necessary.
Generally, two to four fuel elements are replaced, but as many as five have been replaced in a
single outage. There are a total of 25 fuel elements in the reactor core.
After all of the elements have been replaced, the FE flask is returned to its park location. It is
purged through the active extract purge line for 24 hours.
The irradiated fuel elements and shield plugs are stored in the spent fuel section of the storage
block. Each is labeled and colored (red) to distinguish it from storage holes containing only new
fuel elements. Wet storage is provided with the demineralized water level maintained at 1.97m
by a float and head tank. Following the planned shutdown observed for this assessment, there
were 15 spent fuel elements stored in the No. 1 Storage Block, although adequate capacity for
storing an entire irradiated core is provided; as might be needed for a major shutdown. Irradiated
fuel elements are stored in the No. 1 Storage Block for at least 37 days, and possibly for as long
as 1 year prior to transport outside the RCB to Building 23.
There are 3,345 liters of water in the No. 1 Storage Block wet storage tank; Section 5.3 of
Reference 4.2-26. It is a doubled walled aluminium tank. The water level is monitored and
alarmed by redundant instrumentation. Emergency makeup water can be provided by both
demineralized water and by site mains water supply. On a weekly basis, the storage tank water
is flushed to the pit tank and replenished with demineralized water from the head tank. This
tends to lower the tritium activity in the storage block.
The No. 1 Storage Block is cooled by a redundant, active cooling system. The system has two
circulating pumps and two heat exchangers. The pumps and the heat exchangers are located
outside the RCB. The secondary cooling to the heat exchangers is supplied from the mains water
system. The secondary cooling system pressure is greater than that of the primary, so that any
heat exchanger tube leakage is from the outside into the storage block. Either cooling pump
supplies water to the heat exchangers at 1 liter per second. The pool water temperature is
maintained below 65 °C by a primary flow of 1 liter per second, which can remove 35 kw at
65°C. The system is capable of removing the heat from an entire core. The cooling water
system penetrates the RCB at penetration No. 93. Both sets of lines remain open following a
RCB isolation signal. However, water seals are always in place to provide containment to the
RCB. An air break on the supply line to the storage block provides the anti-siphon facility to
prevent draining of the storage block, should a pipe break outside the RCB occur.
The No. 1 Storage Block also contains holes for burst fuel assemblies, but the separate
aluminium tank for this section is not connected to cooling water. A single irradiated fuel
element, unloaded more than 10 years earlier, is currently stored in the burst section.
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Fuel Element Shearing Station
After a period of time set aside for radioactive decay, but no less than 37 days
(Reference 4.2-10), the irradiated fuel elements in the No. 1 Storage Block are sheared and
transferred to the Building 23 cropping pond in accordance with Reference 4.2-20. The shield
plug separated from the irradiated fuel element is then mated with a new fuel element as
described previously in the discussion covering new fuel element assembly.
The shearing operation is performed with the reactor at power. The shear gate and the shear and
transport (ST) flask are first moved from the active handling bay (AHB) into the RCB via the
vehicle air lock (VAL) using the Lansing Bagnall tractor and Carrymore trailer. Figure 4.2-4
illustrates the ST flask, per Reference 4-2-35. The ST flask transport container (16 tons) is larger
in diameter than the FE flask. It consists of two parts: the main body (10.5 tons), which has four
storage tubes, and the top reflector; i.e. 5.6 tons. Once inside the RCB, the ST flask is unloaded
and placed on the RCB basement. The shear gate (4.6 tons) is then lifted from the trailer and
placed on top of the ST flask at the fuel element shearing station. Currently, the procedures for
this phase of fuel handling indicate that the shear gate is temporarily stored on the No. 1 Storage
Block first, while the ST flask is unloaded. According to the HIFAR Active Handling
Supervisor interviewed for this study, this extra step is not followed in practice.
Just prior to setting the shear gate, the ST flask stainless steel shield plug is removed, the drain
line closed, and the magazine chamber filled with demineralized water. The shield plug is then
restored.
An irradiated fuel element is then retrieved from the No. 1 Storage Block and moved to the shear
station. To do this, the FE flask is moved to the No. 1 Storage Block. While it is resting on the
block, power is removed from the RCB crane. A lifting mushroom is attached to the selected
irradiated fuel element. The grab is then attached to the lifting mushroom and it is lifted up into
the FE flask, the grab hoist locking pin inserted, the element drained for 5 minutes, the fuel
element positioned over the hot cup, and the flask shield door then closed. Prior to movement of
the flask, the grab is disconnected and the flask barrels are rotated so that the empty barrel is
under the grab. The RCB crane is then used to move the fuel element flask to the top of the
shear gate. Power is removed from the RCB crane after the transfer.
The shear gate is used to separate the shield plug from the irradiated fuel element. First the ST
flask stainless steel shield plug is raised into the FE flask. The FE flask door is then closed using
the bypass switch because the grab will not be fully raised. The stainless steel plug is then
lowered in the cold cup and the grab disconnected. The grab is then raised, and the barrels are
rotated and attached to the irradiated fuel element, which is then raised fully. The hot cup is
rotated out of the way and the irradiated fuel element is lowered to the shear position and
clamped into position.
The irradiated fuel element shear cut is made by a shear blade below the coupling between the
fuel element and the shield plug. The irradiated fuel element drops into the water filled ST flask
when the blade is removed. The shield plug and ragged end are raised back up into the FE flask
and the shield door is again closed using the bypass switch. The grab is released from the shield
plug and ragged end, raised, and the barrels rotated and attached to the ST flask shield plug. The
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ST flask stainless steel shield plug is then lowered from the fuel element flask back to the ST
flask, the grab released and raised, and the FE flask shield door then closed.
The newly sheared fuel element shield plug and coupled ragged end in the FE flask are then
returned to the new fuel section of the storage block using the RCB crane. This process is
repeated for each irradiated fuel element to be sheared. The ST flask barrel is rotated to permit
four elements to be sheared in turn. The shield plugs and ragged ends are then stored in the new
fuel section of the storage block. The shield plugs are later reused after assembly to fresh fuel.
In the ST flask, the irradiated fuel elements are covered by demineralized water. No active
cooling system is required.
Later, when empty, the ST flask is normally stored in the active handling bay of Building 41,
outside the RCB; i.e., next to the No. 2 Storage Block.
The ST flask is used for transport of the sheared irradiated fuel elements outside the RCB. The
tractor and trailer are returned to the RCB through the vehicle air lock. The shear gate (using a
sling) and ST flask (with the flask shield plug in place, using the lifting bridge and short lifting
chains) are then loaded onto the trailer using the RCB crane for transport outside the RCB. This
transfer is usually performed during power operation. The prime mover and trailer are then
driven through the VAL, which is just a little larger than a garage door in area. The shear gate is
offloaded in the active handling bay of Building 41, and placed on the No. 2 Storage Block.
Building 23 Ponds
The prime mover and trailer then transports the ST flask about 50m down a road and into
Building 23; i.e., per Reference 4.2-20. Building 23 is called the Australian Radioisotopes
Building, or ARI for short. All traffic is stopped on the road during the transfer.
At Building 23, the prime mover and trailer are backed into the loading bay. The ST flask is
lifted by the 20T Building 23 crane using a lifting bridge and short lifting chains. The prime
mover and trailer are then driven out of the way and the flask set on the loading bay. The
Building 23 crane is used to lift both sections of the ST flask containing the four sheared
irradiated fuel elements (i.e., top shield using three legged lifting chains, and transport flask via
long lifting chains and lifting bridge) and over the cropping pond. The cropping pond is a pool
of water 6.25m deep and filled to 4.9m.
The ST flask vent and drain valves are removed. Once the base of the ST flask reaches the
water, the top shield bolts are removed. The flask is lowered into the pond and rested on the
support frame. The sheared fuel elements are removed from the ST flask by lifting the top
shield; i.e., separating the top half from the bottom half of the ST flask. However, the top shield
remains underwater. It is not lifted from the pond. The fuel elements are removed under water
using remote handling tools and each is stored in the cropping pond storage rack.
Once the irradiated fuel elements are removed, the top shield is again mated with the bottom of
the flask. The ST flask is then lifted for draining, air drying, and eventually positioned on the
loading bay of Building 23. The bolts of the two halves of the ST flask are then tightened. The
ST flask is again lifted using the lifting bridge and short lifting chains and the trailer positioned
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under it. The tractor and trailer then return the ST flask to the RCB for additional fuel elements,
or the empty ST flask is returned to the AHB in Building 41 for storage.
The transfer of the irradiated fuel elements is described in Reference 4.2-21. This instruction is
implemented when time permits and a sufficient number of irradiated fuel elements are stored in
the cropping pond. Hand tools are used to transfer underwater the first irradiated fuel element
from the cropping pond storage rack to the saw table. The saw is used to slit the aluminium ends
of the fuel element (i.e., the nose cone and outer casing ragged end) after it is clamped in place.
Hand tools are used to remotely remove the outer casing from the four fuel tubes. The four fuel
tubes are placed in a storage container (i.e., an open-ended aluminium tube), which is then
transferred to the fuel element storage rack. The aluminium tube has two fingers that are used to
clip the Mark IV fuel element concentric tubes together. A bar across the other end prevents the
tubes from falling out. The aluminium nose cone and ragged ends are placed on a platform
above the saw table.
The aluminium tube with the fuel tubes inside is then placed on a transfer tray and transported
through a submerged port into a larger pond known as the gamma irradiation pond. The
submerged port is near the bottom of the ponds, and has sealing doors on each side. While in the
transport port and with both doors of the port closed, a 3-minute check is made for radiation,
prior to completing the transfer.
The irradiated fuel elements are then stored in the gamma irradiation pond. As of May 1996,
there were 288 fuel elements in the gamma irradiation pond; Reference 4.2-1. Extra racks are
being manufactured to bring the pond capacity up to 391 irradiated fuel elements. The
aluminium cropped ends from the fuel elements are initially stored in the cropping pond but later
are removed to waste storage.
The two ponds in Building 23 are filtered by a redundant, active system. Pond active system
cooling is not required.
After at least 21 months has passed and more typically 3 to 4 years (References 4.2-1
and 4.2-37), the irradiated fuel activity is sufficiently decayed so that they may be transferred
into long-term storage cans in accordance with Reference 4.2-22. The cropped irradiated fuel
elements are transferred from the gamma irradiation pond to the cropping pond and then inserted
underwater into a stainless steel long-term storage can. The stainless steel long-term storage
cans each hold two cropped fuel elements, one on top of each other. The storage cans are open at
both ends, to permit drainage when lifted from a pond, but have lips at both ends. At the top, the
lip allows the storage can to be lifted by a grab. The bottom lip, allows the irradiated fuel
elements to rest on the bottom of the can without falling out. Generally, the irradiated fuel
elements remain in these long-term storage cans until the fuel is to be loaded for shipment
overseas.
The support stand and long-term storage can are first placed in the cropping pond. A handling
tool is used to pick up the first irradiated fuel element storage container from the gamma
irradiation pond and place it on the transfer tray, where it is withdrawn into the transport port
between the gamma irradiation pond and the cropping pond. The tray is then by handwheel
moved through the transport port and extended into the cropping pond.
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Another tool is then used to lift the irradiated fuel element container to a pond work tray for
radioactivity measurement. The transfer tray is moved out of the way back to the transport port.
Representatives of the IAEA perform a measurement to verify the fuel element U-235 content.
A tool with a noose is then used to load the irradiated fuel element under water into the
long-term storage can. The above process is repeated for the second irradiated fuel element. The
long-term storage can containing two irradiated fuel elements is then ready for transport. In the
past, no fuel was transported to dry storage before 21 months had elapsed since it was last
irradiated in the reactor core. In practice, no fuel is currently transported to dry storage because
the dry storage holes in Building 27 have reached capacity.
One storage can at a time, containing two fuel elements, is then raised into a general purpose
flask; i.e., per Reference 4.2-29. The general purpose flask, which holds just one long-term
storage can, is used to transfer irradiated fuel elements from the Building 23 ponds to long-term
storage as directed. The general purpose flask weighs approximately 10 tons. It has no active
cooling system because the heat generation from the transported fuel elements is by then
minimal. The general purpose flask has a motorized winch, which can also be operated
manually if the motor fails.
The cropped ends of the irradiated fuel elements are also transferred to long-term storage in
accordance with Reference 4.2-25. A retrievable bin is first lowered into the cropping pond.
The cropped ends are placed in the bin using the pool handling tools. The building crane is then
used to raise and position the solid waste retrievable flask over the cropping pond. The grab
from the flask is lowered and the bin raised into the flask. The solid waste retrievable flask is
then ready for transfer to long-term storage. The cropped ends are also stored in Building 27 in a
retrievable storage facility.

Long-Term Storage: Buildings 27,41, and 59
A discussion of the available long-term storage options at HIFAR is provided below.
Per Reference 4.2-1, the dry storage holes in Building 27 have been essentially full for many
years. There is capacity for 1,100 spent fuel elements, and there are now 1,086 fuel elements
stored. In practice, spent fuel elements are no longer transported there. Consideration is being
given to expand the irradiated fuel element storage capacity of Building 27; i.e., by increasing
the number of dry storage holes.
Per Reference 4.2-34, in the past irradiated fuel elements have also been loaded into Dounreay
flasks; i.e., an early design version of a shipping cask, but no longer approved for this purpose.
There are eight Dounreay flasks. The flasks are essentially a cast steel box with a core of lead
and upper and lower covers bolted to the flask body to hold the fuel elements; i.e., one element
per hole. It weighs approximately 14 tons. Timber is used to surround the flask. The timber
was originally used for neutron shielding. It is not needed as an impact limiter. Each flask can
hold up to 25 spent fuel elements. Seven Dounreay flasks are already full (i.e., there are 175 fuel
elements stored this way), and there has been no movement of fuel to the flasks since 1970. As
such, they contain only Mark II and III design fuel elements. These flasks are stored in
Building 59. The eighth flask is empty, and currently stored in Building 41.
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The long-term storage cans loaded in the Building 23 ponds are designed for transfer of
irradiated fuel elements to long-term storage. However, the available storage locations are
currently full. Therefore, the irradiated fuel elements are now being retained in the Building 23
pond. With the increased number of racks being manufactured for this pond, adequate storage
capacity is available through 1998, per Reference 4.2-1.
In April 1996,114 spent fuel elements were shipped back to the UK via the LHRL-120 shipping
cask. Future overseas shipments are also anticipated, either to the UK or to the U.S. Irradiated
fuel elements from the dry storage holes in Building 27, the Dounreay flasks, or from the ponds
in Building 23 may be selected for shipment. The following discusses the processes that would
likely be employed to load the LHRL-120 shipping cask in preparation for transport overseas.
The LRHL-120 cask shipped in 1996, had been loaded for shipping several years earlier.
Prior to loading the LHRL-120 shipping cask, the irradiated fuel elements to be shipped would
be transferred to the Building 41 pond. The following describes the procedures used to transfer
spent fuel elements from the ponds in Building 23 or from dry storage in Building 27. In either
case, the general purpose flask would be used to transport the long-term storage cans containing
two spent fuel elements to the Building 41 pond.
References 4.2-28 and 4.2-29 describe the draft procedures for inspection of the general purpose
flask and preparation of the transport trailer; and the procedures for road transport of spent fuel
elements in the general purpose flask, respectively. The general purpose flask door and flask
grab are thoroughly tested before use. Transport would only be performed when it is not raining
and not expected to rain for at least 1 hour. Truck speeds are limited to less than 10 kilometers
per hour.
From the Building 23 loading area, the Building 23 crane is used to first position the general
purpose flask so it is just touching the water level in the cropping pond. The flask door swings
down to open, the grab is lowered, and attaches to the long-term storage can. The flask grab and
long-term storage container would then be raised, allowed to drain, and then completely raised
inside the flask. Total time that the flask would be lifted while still over the pond would be
about 5 minutes; per Reference 4.2-38. The flask door would then be closed. The grab and door
movements are remotely controlled. Personnel are evacuated from the area during the lift, but
are also protected by a concrete curb around the pond. The Building 23 crane would men lift the
general purpose flask onto a specially designed trailer for transport. The flask is tilted at a
60 degree angle when loaded onto the trailer. A chain and turnbuckle is used to secure the flask
to the trailer. It usually takes about 15 minutes to lift the flask onto the trailer.
The general purpose flask might instead be loaded with the irradiated fuel elements from dry
storage in Building 27.
Building 27 contains 50 dry storage holes for storing irradiated fuel elements. These holes are
approximately 16m deep and are capped with a steel plug. The long-term storage cans
containing two spent fuel elements are stacked on top of each other within the dry storage holes.
Each hole can contain 11 long-term storage cans, with 2 fuel elements each, to give a total
storage capacity of 1,100 spent fuel elements. The dry storage holes are lined with stainless steel
tubes. The holes are below the water table, but the liners prevent water intrusion. The storage
holes are covered by nitrogen gas and monitored for Krypton-85, Chlorine-36, moisture, and for
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oxygen content, as indicators of fuel element or liner degradation. The atmosphere of one dry
storage hole has been found to have Krypton-85, Reference 4.2-1. This hole contains four
elements, which in 1967, had been deliberately sectioned for metallurgical examination.
Recently (per Reference 4.2-34), a dry storage hole was tested for leak tightness by filling it with
water. The fuel was transported to the Building 41 pond for the test duration. The dry storage
hole was found to be leak tight, and there was no visual degradation to the liner.
The general purpose flask is used to retrieve, transfer, and deposit irradiated fuel elements in
these storage holes. Reference 4.2-31 indicates the accepted procedure for such transfers. The
dry storage hole plug is removed prior to locating the flask above the hole. Once positioned over
the hole, the flask door is opened and the grab lowered into the hole to the long-term storage can.
The grab attaches to the can to be transferred. The flask has a grab release button, which is then
covered and the cover taped shut. This is to avoid a spurious release of the grab while in service.
The grab is raised and the local radiation shine as the can is raised is used to confirm that a fuel
element has been raised. The grab is fully raised and the flask door closed. The can is only
suspended over the hole for at most 5 minutes, per Reference 4.2-38. It takes about 15 minutes
to transfer the loaded flask onto the trailer in the loading bay for transport, the general purpose
flask is then ready for transport of the long-term storage can to Building 41. If the irradiated fuel
element is just being repositioned to a different dry storage hole, the general purpose flask is also
used for this purpose.
When transferring the long-term storage can to a different dry storage hole, the flask is moved by
crane to the next hole and the plug in the first hole inserted. Dose rates are limited to less than
10 mSv per hour. The plug is removed from the second hole, and the flask positioned over it.
The flask door is opened and the grab lowered until the grab stops automatically when the fuel
element reaches the bottom of the hole. The grab is released, and then the release button cover is
restored and again taped shut. The grab is then raised. Radiation levels are checked to ensure
that the fuel elements were successfully deposited. The flask door is closed and the flask
removed by crane. The plug is manually inserted into the second hole to complete the transfer.
References 4.2-30 and 4.2-34 describe the transfer of spent fuel elements into the Building 41
cooling pond. The same special trailer is used to transport the general purpose flask either from
Building 23 or from Building 27. The general purpose flask containing the long-term storage
can and two irradiated fuel elements is removed from its angled position on the transport trailer,
its plastic sheet underneath removed, and the flask then positioned above the pond surface.
Remotely, the flask door is opened and the flask grab lowered 15 feet, to where radiation levels
are again minimal. From the pool wall or a bridge across the top of the pond, a steel rod is then
used to manually position the long-term storage can into a stand below water. The flask grab is
then retracted, taking care to allow 2 minutes for the grab to drip. The flask door is then closed.
The general purpose flask is then craned back onto the trailer and transported back for the next
storage can.
The irradiated fuel elements within the long-term storage cans in the Building 41 pond are then
removed with hand tools from the storage can and individually placed in the pond storage rack, a
shipping basket, or a Dounreay flask depending on the storage needs. The storage can may be
left in the pond, or washed down and stored separately.
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In the future, ANSTO may use the Building 41 pond to perform refurbishing of the seals for the
seven Dounreay Flask containing the 175 irradiated fuel elements. These seals are used to
maintain leak tightness of the flask around the flask drain and vent lines, the 25 push rods in the
base of the flask, and between the upper and lower covers of the flask body. These push rods are
not used at HIFAR but they do form a portion of the flask boundary. The flasks use a dry cover
gas of nitrogen at atmospheric pressure, which is purged on a yearly basis. The radiation content
of the cover gas is monitored for oxygen, moisture, and Krypton-85 on a yearly basis. Some
inter-change between the flask and the outside air has been detected indicating that these seals
are no longer leak tight. Only very trace amounts of Krypton-85 have been detected, indicating
that the stored fuel elements have not degraded significantly.
There are no procedures that describe the steps required to transfer spent fuel elements from the
Dounreay flasks to the pond in Building 41. The following discussion was obtained from
Reference 4.2-34. To refurbish the seals, a Dounreay flask will be transported to Building 41.
The exact nature of the transport has not yet been decided. For this assessment, it is assumed
that a self-propelled mobile crane will be used to transport the flasks. The crane would enter
Building 59, lift a Doureay flask just above the ground, and propel itself slowly to Building 41
where the flask would be set down.
The surrounding timber will then be removed and the Dounreay flask head bolts loosened. The
Building 41 overhead crane will be used to lift the flask and lower it into the pond. A long
wrench will then be used to unbolt the lid, which will then be lifted off and out of the way. The
irradiated fuel elements will then be removed from the flask underwater. The empty flask will
then be raised to permit the seals to be replaced. It is likely that the spare Dounreay Flask will be
used to subsequently store the fuel. Each flask will then be serviced in turn so that the fuel need
only be unloaded and loaded once.
If the irradiated fuel elements from the Dounreay flasks are to be shipped overseas, then while in
the Building 41 pond they would instead be loaded into fuel baskets. These baskets are later
loaded into the LHRL-120 cask for shipping. It is possible for the pond in Building 41 to hold a
Dounreay flask and both shipping baskets. Once the first basket is loaded, the second, empty
basket would be positioned above the loaded basket to allow room to maneuver.
If fuel elements from dry storage in Building 27, or wet storage in Building 23 are to be shipped,
they would first be brought to the pond in Building 41; i.e., as described earlier, one storage can
at a time using the general purpose flask. Once in the pond, the two irradiated fuel elements are
removed from their dry storage can using the long tools for underwater handling, and inserted
one at a time into the fuel basket tubes. Once both baskets are loaded, the fuel is ready for
transfer to the LRHL-120 shipping cask. It is expected that the loaded fuel baskets would be
transferred to the shipping cask as quickly as possible (Reference 4.2-34).
LHRL-120 Spent Fuel Shipping Flask
From the pond in Building 41, the irradiated fuel elements are loaded into a spent fuel shipping
cask (LHRL-120) in preparation for shipping overseas; i.e., see References 4.2-23 and 4.2-34.
The LHRL-120 was designed to transport irradiated HIFAR fuel elements that have been
removed from the reactor for at least 7 years; Reference 4.2-39. The spent fuel shipping cask
assembly includes a standard open shipping container, its rectangular weather cover, the upper

\DIST\REPORT\SECT 4.2.DOC.01/15/98

4.2-19

and lower semi-cylindrical impact limiters, supporting skid, the cylindrical cask (LHRL-120),
two fuel baskets, and the loaded irradiated fuel elements.
Each cylindrical fuel basket can hold 60 HIFAR fuel assemblies. The baskets consist of
60 upright aluminium tubes bolted at each end to aluminium plates; i.e., it is not a solid structure.
The fuel elements fit in the aluminium tubes.
The cask assembly is first driven on a trailer to a position outside of Building 41. A mobile
crane is use to remove the weather cover and upper impact limiter, exposing the cask. The trailer
is then driven into the Building 41 handling bay. The Building 41 overhead crane is then used to
lift the cask from the bottom impact limiter using a large yoke shipped with the assembly. To
perform the lift, the yoke is attached to both sides of the cylindrical cask, which was resting
horizontally. While suspended, the cask is manually rotated to the vertical position. The yoke
connections to the cask trunnions are notched so that the change to the vertical position can be
performed in stages. The cask is then set back down vertically on the landing pad inside
Building 41 and the yoke removed. The transport skid, container, and lower impact limiter
remain with the trailer, which is then driven out of the bay.
The cask closure lid is then unbolted and the overhead crane and slings attached to three eyebolts
are used to set aside the lid. The yoke is reconnected and the cask is then lifted above the pool of
water in Building 41. At no time is the lifted cask (or any other flask) permitted to pass over the
portion of the Building 41 pond that contains the loaded shipping baskets (Reference 4.2-34).
The initial filling of the cask with water is then begun using a hose. As the cask fills with water,
the overhead crane is used to lower the cask, without its lid, into the pool allowing it to rest
below water on the pool landing pad. Care is taken so as not to lower the cask while still
buoyant to ensure that the lifting yoke does not disengage from the cask trunnions. The yoke is
then disconnected from the cask, raised, and set aside.
The overhead crane is then attached to a basket lifting plate. The basket lifting place is
positioned over a loaded fuel basket, lowered, and the basket bolted to it with a special, long
wrench. The loaded fuel basket is then raised to clear the wall of the open cask but while still
underwater, the basket is placed inside the cask. The lifting plate is then unbolted. The process
is repeated for the second fuel basket. Once finished, the lifting plate is rinsed down, and
removed from the pool.
The overhead crane and slings are used to lift the cask cover and mount it to the cask, while it is
in the pond. The cover is bolted to the cask with the special long wrench. Not all of the bolts are
used, nor are they fully tightened at this point. The lifting yoke is then attached to the cask
trunnions and used to lift the cask from the pool. The yoke and cask are rinsed as they emerge
from the pond.
A low pressure air supply is connected to the vent port to force the water from the flask through
the submerged drain port. When air bubbles come out the drain, the cask is raised further and
allowed to drain. Total time that the cask is suspended in water is estimated to be about a
half-hour. The cask is then lowered to the pool side landing pad. This is estimated to take an
additional couple of minutes. The remaining cover bolts are inserted, all bolts are then tightened,
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and the cask dried with low air pressure flowing in through the vent port and out though the
drain port.
The evacuation, backfill, and sealing (EBS) tool is attached to the cask and used to vacuum dry
the inside of the cask. The cask is then evacuated for leak testing to ensure leak tightness to less
than 1.3 x 10^ atm-cc/second. After the pressure rise tests, the vacuum in the cask is then
relieved.
The trailer containing the shipping container, skid, and lower impact limiter is driven into the
vehicle bay.
The yoke and overhead crane are used to lift the loaded cask and set it down in the horizontal
position into the lower impact limiter. Again, the cask lift time is only a couple of minutes. The
trailer is then driven out of the bay. The upper impact limiter is then raised and lowered onto the
lower impact limiter using the mobile crane and secured by bolts. Two tie down straps are used
to secure the impact limiters to the transport skid. The crane is then used to lift the weather
cover over the cask and transport skid. The cover is bolted to the shipping container and the
crane removed. The LHRL-120 cask assembly is then available for shipping.
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Table 4.2-1. Number of HIFAR Fuel Elements by Location as of May 1996

Location
Building 17: Nuclear
Materials Vault
No. 1 Storage Block;
Fresh Fuel Section
No. 1 Storage Block;
Irradiated Fuel Section
Reactor Core
Building 23: Cropping
Pond
Building 23: Gamma
Irradiation Pond
Building 27: Dry
Storage
Building 59: Dounreay
Flasks
Building 41: Pond
Total
*Including those in-core.
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Irradiated Fuel Element Storage
Times Measured by Duration
Since Reactor Shutdown
Not Applicable

Number of Fresh/
Irradiated Fuel
Elements
69 (Estimate)/0

Not Applicable

3 (Estimate)/0

3 Days to 1 Year

0/13

Approximately 7 to 11 Months
37 Days to 1 Year

0/25
0/10

More than 37 Days to Many (> 5)
Years
2 Years to Many (> 30) Years

0/288

Many (> 30) Years

0/175

Many (~ 20) Years
—

0/8
72/1,605*

4.2-24

0/1,086

Table 4.2-2. Radionuclide Inventories for a Single Irradiated Fuel Element
as Function of Time after Plant Shutdown
Time after
Shutdown
1,000 Seconds
2 Days
9 Days
30 Days
37 Days
1 Year
5 Years
10 Years
20 Years
50 Years

Total Fission Product
Activity (Bq)
9.3 x 10"'7
1.2 x 10"'6
6.7 x 10"15
3.5 x 10"15
3.0 x 10"'5
3.5 x 10"'4
5.1 x 10"13
3.3 xlO" 13
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2.4 x 10"13

1.2 xlO" 13

4.2-25

Percent of Initial
Activity Level
100.
1.3
0.72
0.37
0.32
.038
.0055
.0035
.0026
.0013

Reference
4.2-3
4.2-3
4.2-3
4.2-4
4.2-4
4.2-1
4.2-1
4.2-1
4.2-1
4.2-1

Table 4.2-3. Decay Heat Levels versus Time in a Single, Irradiated Fuel Element
Time

Power (Watts)

0
10 Seconds
60 Seconds
2 Minutes
10 Minutes
30 Minutes
lHour
4 Hours
12 Hours
1 Day
2 Days
3 Days
4 Days
1 Year
5 Years
10 Years
20 Years
50 Years

830,000
37,110
26,440
22,660
15,770
11,480
8,960
5,210
3,450
2,640
2,040 (~ 2 kw)
1,770
1,600
35.9
3.9
2.6
2.0
1.0
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Fraction of Initial
Power Level
1.
.048
.032
.027
.019
.014
.011
6.28 x lO'3

4.16 xlO"3
3.18 xlO"3
2.46 xlO"3
2.13
1.93
4.33
4.70
3.13
2.41
1.20

4.2-26

x
x
x
x
x
x
x

10"3
10"3
10"5
10"6
10"6
10"6
10"6

Reference

4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-5
4.2-1
4.2-1
4.2-1
4.2-1
4.2-1

Table 4.2-4. Rough Estimates of Radioactivity Inventories by Locations
Location
Reactor Core
No. 1 Storage Block;
Irradiated Fuel Section at
Start of Planned Shutdown
No. 1 Storage Block;
Irradiated Fuel Section at
Start of Major Shutdown
Building 41: Pond
Building 41: Pond just Prior
to Loading Shipping Cask
Building 23: Cropping Pond
Building 23: Gamma
Irradiation Pond
Building 27: Dry Storage
Building 59: Dounreay
Flasks
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Approximate Time Since
Shutdown Used in Estimates
25 IFEs at 1,000 Seconds
25 IFEs after 2 Days
4 IFEs for 3 Days
9 IFEs for 30 Days
9 IFEs for 30 Days
25 IFEs for 3 Days

Rough Estimates of
Location Inventories (Bq)
2 x 10+I9
3 x 10+I7
7xlO + 1 6

3 x 10 +n

8 IFEs for 20 Years
120 IFEs for 10 to 30 Years

2 x 10+14
4xlO+I5-2xlO+15

10 IFEs for between 37 Days
and 1 Year
288 IFEs for 5 Years

3xlO+I6-4xlO+I5

1,086 IFEs for 10 to 30 Years
175 IFEs for 30 Years

4 x 10 + l 6 -2x 10+16
3 x 10+15

4.2-27

1 x 10+16

Table 4.2-5. Rough Estimates of Irradiated Fuel Element Decay Heat by Locations
Location
No. 1 Storage Block;
Irradiated Fuel Section at
Start of Planned Shutdown
No. 1 Storage Block;
Irradiated Section at Start of
Major Shutdown
Reactor Core

Building 41: Pond
Building 41: Pond just Prior
to Loading Shipping Cask
Building 23: Cropping Pond
Building 23: Gamma
Irradiation Pond
Building 27: Dry Storage
Building 59: Dounreay
Flasks
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Approximate Time Since
Shutdown Used in Estimates
4 IFEs for 3 Days
9 IFEs for 30 Days

Rough Estimates of Decay
Heat by Location (Watts)
8,000

9 IFEs for 30 Days
25 IFEs for 3 Days

24,000

25 IFEs 10 Minutes after
Reactor Trip

190,000

25 IFEs 2 Days after Reactor
Trip
8 IFEs for 20 Years
120 IFEs for 10 to 30 Years

25,000
16
300 - 200

10 IFEs for between 37 Days
and 1 Year
288 IFEs for 5 Years

2500 - 400

1,086 IFEs for 10 to 30 Years
175 IFEs for 30 Years

2,800-1,600
260

4.2-28

1,100

Table 4.2-6. Tritium (3.2 x 10+s Bq/ml) and Fission Product (710 Bq/ml) Activity
Contained in Heavy Water (D2O), Normal Program Levels

850
670

Tritium/Fission Product
Content (Bq)
3.2xl0 + I 77.1xl0 + 6
2.7xlO +14 /6.1xlO +5
2.1 x 10+i4/4.8x 10+5

400 (Estimated)

1.3xl0 +14 /3.0x 10+5

Primary Coolant Volume

D2O Inventory (kg)

Total
Tank 1V3, Total
Tank 1V3, Above LLS Pump
Stop Only
Tank 1V5 (Estimate)

10,000
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Table 4.2-7. Tritium Contained in No. 1 Storage Block Demineralized Water
Time of Cycle
Program Average
During Major Shutdown
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Demineralized Water
Inventory (L)
3,345
3,345

4.2-30

Tritium Content (Bq)
6.7 x 10+I°
3.5 x 10+n

BUILDING 15

BUILDING 17
FROM
MANUFACTURER
(8 FEs)

RCB BASEMENT:
FUEL ELEMENT
ASSEMBLY
STATION
RAGGED END
ASSEMBLY FLASK
(1 SHIELD PLUG
AND RAGGED END)

RAGGED END
ASSEMBLY FLASK
(1 MATED FE
ASSEMBLY)

FE FLASK
(1 SHIELD
PLUG AND
RAGGED
END)
No. 1 SB
IRRADIATED
FUEL ELEMENT
SECTION

FE
SHEARING
STATION

ST FLASK. PRIME MOVER
(4 IFEs) AND TRAILER

TRANSFER
TRAY (1 IFE)
BUILDING 23
CROPPING
POND

j;

BUILDING 23
GAMMA
IRRADIATION POND

GENERAL PURPOSE
FLASK (2 IFEs)

BUILDING 27
DRY HOLE
STORAGE

i

BUILDING
41 POND
GENERAL
PURPOSE
FLASK
(2 IFEs)

NOTE:
FE: FUEL ELEMENT
IFE: IRRADIATED FUEL ELEMENT

BUILDING 59
DOUNREAY
FLASKS

Figure 4.2-1. HIFAR Fuel Handling Flow Diagram
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SHIPMENT
OVERSEAS
(120 IFEs)

LIFTING ATTACHMENT

BARREL

LEAO SHEIK

HOIST

SHIELD DOOR

-

Figure 4.2-2. Vertical Rig Handling Flask
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AIR COOLER

Horsr
SECONDARY BLOWER

GRAB
„—

PRIMARY BLOWER

STAINLESS STEEL TUBE

LIFTING BOLT

TWO BARREL MAGAZINE
POWER
EXTENSION
CABLE

CONCRETE SHIELDING

EMERGENCY
FLOODING
CONNECTION

POSITION fNDICATORS

FUEL ELEMENT ASSEMBLY
FLASK BARREL NOT SHOWN
DOOR OPERATING
MECHANISM

SEAL VALVE

ROTATABLECUPS

INTERLOCK

SHiaODOOR

Figure 4.2-3. Fuel Element Load/Unload Flask
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FUEL ELEMENT LOAD/UNLOAD FLASK

SHEAR
GATE

CLAMPrNG AND
SHEARING
MECHANISM
TRANSPORT
CONTAINER

STORAGE CHAMBER

FOUR BARRELLED
MAGAZINE

SKEAREO
FUEL
ELEMENT

Figure 4.2-4. Fuel Element Shear and Transport Flask
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4.3 Plant Operating States
The HIFAR program cycle lasts 28 days. There are 13 such program cycles planned in any
given year, each generally consisting of a 4-day shutdown, followed by 24 days of full-power
operation. In parallel to these HIFAR operation activities are the many fuel handling activities
described at the end of Section 4.2. The program cycle planned schedule may be affected by
unplanned reactor trips, delays in completion of the work during a shutdown, or when a major
outage is scheduled. Major outages have historically occurred approximately every 3 to 5 years.
The following describes the key features of a standard HIFAR 28-day program cycle. The
particular schedule of activities on which the typical program cycle description was based comes
from program cycle 474; see Reference 4.3-1. Figure 4.3-1 shows the time sequencing of the
major activities in program cycle 474. This program cycle took place from 22 July to 26 August,
1996.
The description of the first part of the program cycle (i.e., the reactor trip and first 2 hours after
shutdown) is based in part on the observations of the study team, which eyewitnessed the first
part of program cycle 474 from within the reactor containment building (RCB).
4.3.1 Plant Shutdown
Day1
The beginning of each program cycle is defined by the time of plant trip. Prior to this time, the
plant is operating at 10 MW, with two of three heavy water main pumps, one liquid level pump,
and three of four light water main pumps operating to remove heat, control water level, and
remove impurities. Reactor trip, involving insertion of the coarse control arms (CCA) and for
some trip functions the CCAs and the safety rods, is induced by the operators. To facilitate the
measurement of CCA drop times, the CCAs are lowered to a standard angle (usually 20 degrees).
The reactor power level reduces to only about 0.07 MW after about 3 minutes. A reactor trip
condition is then generated.
Within 5 minutes of the reactor trip, the operators trip both the operating heavy water main
pumps. Both of the heavy water shutdown pumps then automatically start. Two of the three
normally running light water main pumps are also manually tripped. The other is left running for
more than 1 hour with the light water shutdown pumps in standby.
Immediately after a reactor trip, the operators stop the cooling tower fans, throttle secondary
(light water) flow to the heat exchangers, and open the flow bypass valves to prevent overcooling
of the primary coolant. They also shutdown secondary cooling to the collimator cooling system
(i.e., to rig cooling) in the first 30 minutes from the experimental plant room (EPR). Then, they
raise the safety rods back up to their normal position after the rod drop times are recorded, and
set the excess flux trip channels (EFTC) to low power; i.e., 150 kw range.
The operators then isolate the RAT from the helium gas system, which includes isolation of the
weir line. These actions are required to later allow the RAT upper plenum region to be
depressurized to atmospheric conditions in preparation for rig servicing on the day of the
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shutdown. The operators must briefly enter the heavy water plant room to isolate the weir line
by shutting VI052.
Within the first hour, the shield cooling system pressure pumps are stopped, leaving only one
suction pump to provide water flow to the system.
The above paragraphs describe the events that occur within the first 2 hours of a program cycle.
During this time, there is only a brief entry to the heavy water plant room (DPR). The plant is
brought from an initial full-power operation at 10 MW to the stable, shutdown configuration.
During this time, the operators' focus is on assuring effective heat removal, and allowing time
for radioactive decay. Preparation for rig servicing is initiated soon after shutdown but usually
only after this period do the shutdown activities begin in earnest.
During the first 2 days of the outage, the fuel decay heat falls as does the radiation in the heavy
water plant room. The following paragraphs describe the activities following the first 2 hours
after shutdown.
During this time, maintenance actions and tests, which can be performed independent of these
radiation levels, are performed. Examples of these are tests of the ECCS system, including the
EPS diesel generator load tests. A long list (53 items in the program cycle reviewed) of
scheduled maintenance items is begun to be worked off at this time. Activities inside the DPR
are deferred until later on the third day of the planned shutdown.
The rig handling activities that take place during plant shutdowns involve the unloading and
loading of the hollow fuel element (HFE) (i.e., XI83 series rigs), the remaining silicon
irradiation targets from the vertical graphite facilities (rigs X208, X214, and X215), and selected
general purpose rigs stored in vertical facilities; References 4.3-1 and 4.3-2. The HFE rigs are
offloaded to change the targets in the first 12 hours of the shutdown. Only one general purpose
rig is unloaded during a typical plant shutdown; usually rig XI06. Later during fuel
replacement, the associated rig and liner or flux scan assembly is also removed from the fuel
elements to be replaced. This latter activity is described in Section 4.3 as part of the fuel
handling activities related to the HIFAR core.
Unlike for power operation, during shutdown when the RAT is isolated and vented through
Active Extract to atmospheric pressure, the servicing of the HFE rigs is performed using the rig
handling flask. For HFE servicing only, the HFE rig is removed, not the liner. Permission from
the control room operator must be obtained before the rig can be raised from the core. The rig
handling flask is used to lift the HFE rig out of the core (i.e., using the flask raise button) and
most often transport it to the top of the portable handling cell, located on the No. 1 Storage
Block. The irradiated HFE targets are manually removed using tongs within the portable
handling cell, which is lead lined. New targets are also loaded within the portable handling cell,
and then the rig handling flask is used to return the HFE rig back to the reactor core. Seven HFE
rigs (XI83 series) were serviced by this method in the program cycle reviewed for this
assessment.
The removed HFE targets are then moved within the portable handling cell to the bottom load
flask. A manual system transfers the irradiated HFE targets to the bottom load flask. The
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bottom load FLASK is loaded onto a truck, and driven outside the RCB via the vehicle airlock
(VAL) to handling Buildings 23 and 54.
After servicing the HFE rigs during the early part of the shutdown, a general purpose rig (e.g.,
rig XI06 in the program cycle reviewed) may also be replaced. This rig is removed using the
same rig handling flask. To unload a vertical rig, the flask is attached manually to the rig plug.
The shield door of the flask is also manually operated. A motorized winch attached to the flask
is used to raise the plug and rig out of the core. This winch can also be operated manually.
Using the rig handling flask, the irradiated vertical rig may be transported to the portable
handling cell for the targets to be removed, or to the No. 1 Storage Block for temporary storage.
Often, the irradiated rig and the associated vertical facility shield plug are stored dry in the No. 1
Storage Block mortuary section until the next day when transport outside the RCB is performed.
The rig identification tag is transferred to the talleyboard near the storage block. When the rig
must be unloaded from the storage block, the Active Handling Supervisor checks the talleyboard
identification tag with the Core Movement Certificate and identification number on the rig shield
plug. Later, the entire rig loaded into the vertical rig flask is transported outside the RCB; i.e., it
is placed on a trailer and driven by a tractor through the VAL. Power is removed from the flask
during transport. Once outside the RCB, the targets are replaced and the new targets loaded.
The replenished vertical rig is then returned to the RCB and loaded in to the reactor, prior to
startup at the end of the planned shutdown.
In program cycle 474, work was also performed on the silicon rig turning motors, installed on
the reactor master plate. This maintenance work was initiated after the completion of the HFE
and rig servicing but still during the first day of the shutdown. The top plate is never removed
when the heavy transport flasks are being used. Even when the top plate is removed, the fuel is
not exposed because the master plate and the RAT top shield is still in place.
The HIFAR plant is operated in accordance with Operational Limits and Conditions (OL&C);
i.e., see Reference 4.3-3. The latest version of the OL&Cs are still under review by the NSB.
For the first 24 hours following plant trip, the OL&C requirements are briefly summarized here.
Plant OL&Cs require both heavy water shutdown pumps be available for the first 24 hours after
shutdown. However, for effective fuel cooling only one is required. The main heavy water
pumps must be off before the RAT is isolated. Two ECCS trains, two EPSS diesel generators,
two trains of CIS, and two of three trains of SCS are required. Two light water shutdown pumps
with water circulating through one cooling tower must be in service for the first hour after
reactor trip. Mains water cooling to the heat exchangers is permitted, but this is not usually
aligned for service until day 2. Every 6 months within the first 3 to 4 hours after shutdown,
mains water cooling is aligned to begin draining the cooling pond for cleaning. With mains
water aligned, two light water shutdown pumps and one cooling tower must still be operational
during the first 24 hours. The light water shutdown pumps can still operate with a partially
drained pond.

Day 2
In the beginning of the second 24-hour period of program cycle 474, rig XI06 was transferred
from its delay station in the storage block to Building 23. Part of one drum of heavy water was
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also added to the main heavy water storage tank, 1V3. This addition was unusual but necessary
to keep the 1V3 tank level above 30 cm. Additional work on the list of planned maintenance
items was also performed during this period.
Within 36 hours of plant trip, on the afternoon of the second day of the shutdown, the monthly
chemical cleaning of the pond is initiated. This activity requires that flow to the secondary side
of the heat exchangers from the cooling pond be isolated to protect them from the chemicals
used. Instead, mains water cooling is aligned to at least one heat exchanger to provide RAT
cooling. This cleaning alignment lasts for about 48 hours.
The HIFAR plant is operated in accordance with OL&Cs: Reference 4.3-3. For the second
24 hours following plant trip, the following OL&C requirements are briefly summarized here.
One heavy water shutdown pump is required throughout the outage, and the main heavy water
pumps must be off before the RAT is isolated. One ECCS train, one EPSS diesel generator, one
train of CIS, and one of three trains of SCS are required. There is no requirement for SCS trains
36 hours after shutdown unless a low power operation is carried out when one SCS is required.
One light water shutdown pump must be operable for the second day after reactor trip. Mains
water cooling to the heat exchangers is permitted during day 2 provided at least one light water
shutdown pump with pond level above the bottom of the cells is available as a backup, or at least
one SCS train must be operable and the doors to the DPR able to be opened.

Day 3
Maintenance work continues in this period. In addition, the targets for rig XI06 are replaced
while the rig is in Building 23. After target replacement, rig XI06 is transferred back to the
No. 1 Storage Block, and then later to the reactor using the vertical rig flask. Depending on the
timing of the shutdown, the vertical rig flask and rig XI06 may be transported directly to the top
plate, bypassing the trip to the storage block.
Following this, the rig and EPSS diesel generator functional tests are performed. The diesels are
load tested for approximately 2 hours. Plant startup checks are also initiated, at roughly 60 hours
into the shutdown. These system checks can easily last 12 hours.
Pre-refueling reactivity balances and CCA calibration checks using inverse kinetic techniques are
performed in parallel to the startup checks; i.e., about 60 hours into the shutdown. These
reactivity balances and inverse kinetic checks to determine the current sensitivity of the CCAs to
reactivity require that the reactor be brought to conditions for low power. The RAT may or may
not be isolated from the helium circuit (the weir line may be opened or closed) during low power
operation, depending on whether a main heavy water pump is used for cooling. Normally, both
the heavy water shutdown pumps are run during low power operation. However, the main heavy
water pumps may be run if the RAT is deisolated.
Before bringing the reactor to this low power configuration, the operators must (per
Reference 4.3-4) set the low power bypass switch to on to bypass the coolant flow trip functions;
have at least one each of the heavy water and light water shutdown pumps running; at least one
heat exchanger flooded; and the EFTCs set to low power mode (150 kw range).

\DIST\REPOimSECT 4.3.DOC.01/15/98

4.3-4

The calibration of the CCAs (Reference 4.3-5) is accomplished by performing three sequential
inverse kinetics runs, with the data interpreted by the data acquisition system.
In preparation to perform inverse kinetics runs, initially checks are made with the CCAs at
4 degrees to ensure proper operation of the flux monitoring equipment and that the CCAs' raise,
stop raise, slow down, fast down, and emergency shutdown buttons all function. The three log
period channels for doubling time trip are also changed from the full-power setpoint of
16 seconds to the low power value of 7 seconds and their operation checked. Signals from the
log period channel trips are used to induce a complete trip to ensure that all doubling time trip
functions operate satisfactory.
The CCA critical angle is first estimated to within lA degree using the calculated excess
reactivity. Refinements to this estimate are made via a slow approach to criticality. In this
process, the CCAs are raised halfway to the estimated critical angle in stages. After each raise
of the CCAs, the estimated critical angle is refined. The difference between the calculated value
and the estimated excess reactivity should not exceed 0.5% reactivity.
From a power of 2 x 10"8 Amps (A) on the multi-range linear power recorder (MRL), the CCAs
are then raised to achieve a doubling time of 10 to 15 seconds using the raise and stop raise
buttons. The reactor passes through critical at 5 x 10"8 A on the MRL, which is roughly 10 kw.
The raise and stop raise buttons are not used once power is at or above 1 x 10"7 A. At about
6 x 10"7 A on the MRL, before reactor trip at about 7.5 x 10~7 A (i.e., 150 kw, low power trip),
the operators lower the CCAs using the fast down switch to the estimated critical angle. The
reactor is critical if the MRL reading tends to a constant value. After another minute, the fast
down switch is again used to lower the CCAs to the subcritical angle to give a power of 2 x 10"8
A. The raising and lowering of the CCAs is repeated two more times so that a total of three
inverse kinetics runs are completed. Thereafter, the CCAs are raised to the critical angle
(5 x 10"8 A on the MRL)and three sets of readings are taken for estimation of the excess
reactivity. These balances are used for the next inverse kinetics run and the balance undertaken
after fuel replacement.
After the first set of inverse kinetic runs, typically the reactivity worth of a single vertical rig is
then measured. It may also be performed before the inverse kinetics runs. In program cycle 474,
an HFE rig was evaluated. The reactivity worth measurement is performed with the reactor at
low power; i.e., about 10 kw. The CCAs are raised to the known critical angle (5 x 10"8A on the
MRL) and a reactivity balance is performed with the rig inserted. Then, the CCAs are lowered
to a parking angle that is usually to bring the reactor subcritical by 2% plus the worth of the rig.
The rig is then withdrawn lm from the core and a further balance is performed by raising the
CCAs to the critical angle.
Rig movement is performed manually using a chain block attached to the RCB crane. No flask
is involved; per Reference 4.3-6. Once again, the CCAs are lowered to the parking angle
calculated above and the rig is inserted into the core. A further reactivity balance is performed
by raising the CCAs to the critical angle. The readings obtained during these three balances are
used to estimate the worth of the rig.
Usually, reactivity worth measurement for just one rig is performed per program cycle. In the
program cycle reviewed during this assessment, the worth of rig X183/12 was assessed.

\DIST\REPORT\SECT 4.3.DOC.01/15/98

4.3-5

Throughout day 3, mains water cooling is aligned to the secondary side of the heat exchangers
with at least one light water shutdown pump available as a backup. Though not required, while
the monthly pond water treatment is in progress, two main light water pumps are normally used
to circulate the secondary side through the header bypass. This serves as a backup in case mains
water supply is lost. The heat exchangers are isolated from pond water.
On the heavy water side, at least one and usually both heavy water shutdown pumps are
operating.
For the third day following plant trip, the minimum plant configuration requirements, with the
exception of the space conditioning system, are the same as for the beginning of day 2.
However, there are a couple of different requirements for low power operation, independent of
the time after trip. For low power operation, there must be at least one of the three SCS trains
available. Also, the requirements for electric power redundancy are more stringent. Either both
EPSS diesel generators must be available and running, or one diesel generator plus both of the
line supplies must be available.

Day 4
Following the system checks, fuel element replacement finally takes place at the beginning of
day 4; i.e., more than 72 hours after shutdown. Although there were no maintenance activities
scheduled for the CCAs or safety absorbers during the program cycle reviewed, if required, such
activities must be performed prior to initiating fuel replacement.
Usually two to five fuel elements are replaced. In the program cycle reviewed, four fuel
elements were replaced. A detailed description of fuel replacement is provided in Section 4.2.
Fuel element replacement only requires approximately 8 hours to complete. The top plate is in
place throughout the fuel element replacement.
Following fuel replacement,, in a separate activity, the top plate is removed and independent
visual checks are made to ensure that all fuel elements, rigs, liners, and flux scan assemblies are
properly installed and locked into position. A check is also made to ensure that the safety rod
cables are properly placed in their sleeves.
Prior to full-power operation, the operators restart two of the three main heavy water cooling
pumps, liquid level system flow, and assure the ECCS systems are at operational status. They
also turn the low power bypass switch to off (if the reactor was at low power) and restart three of
the four light water main cooling pumps. The main plant is operating and the RAT is deisolated.
In the latter part of day 4, following fuel replacement, a reactivity balance and inverse kinetics
runs are again performed at low power. These tests are performed to verify the excess reactivity
of the core after fuel replacement, and to check the CCA sensitivities as a function of angle. The
conditions for this second period at low power differ from the first period of low power
operation. Because the main plant is running (i.e., both heavy water and light water main pumps
are operating, though mains water is still supplying the heat exchangers), the low power bypass
switch is off for this period. This means none of the reactor trip parameters are bypassed.
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During low power, the doubling time trips are set to 7 seconds. These are reset to 16 seconds
when returning to full power.
Startup of the reactor to full power then follows the reactivity balance by first resetting the
EFTCs tot he 15 MW range and then raising the CCAs. Initially, the light water system is still
running on heat exchanger header bypass. The light water supply to the heat exchangers is only
aligned after the reactor reaches approximately 1 MW; i.e., 10% of full power. The operators
then raise reactor power, increase secondary flow to the heat exchangers evenly, and reset the
EFTCs to high power operation.
The cooling tower fans are restarted late in the approach to full power. If all activities proceed as
scheduled, full-power operation should begin several hours prior to a full 4-day (96-hour)
shutdown.
For the fourth day following plant shutdown, the OL&C requirements are the same as for the end
of day 2.
However, the requirements are different for startup. They are more stringent than immediately
following reactor shutdown, and consistent with full-power operation requirements. See
Section 4.3.2 below.
4.3.2 Plant Power Operation
4.3.2.1 Days 5 through 28
The remainder of a typical 28-day program cycle is scheduled for 24 days at full power; i.e.,
10 MW. When at full power, some activities are periodically performed. These include a 1-hour
EPSS diesel generator weekly test, the containment isolation system tests, the servicing of
selected HFE rigs (i.e., power unloads/loads), and servicing silicon rigs in vertical graphite
facilities. Only limited planned maintenance is performed with the reactor at power; e.g., space
conditioner systems. Most of the system maintenance activities are performed with the reactor
shutdown. Occasionally, unscheduled maintenance is performed with the reactor at power.
The OL&C requirements for startup and full-power operation are briefly summarized here.
Both heavy water shutdown pumps must be available and two of three heavy water main pumps
must be running. Two ECCS trains, two EPSS diesel generators, two trains of CIS, and two of
three trains of SCS are required. Two light water shutdown pumps must be available, three light
water main pumps running, and five cooling towers must be operable.
4.3.2.2 Rig Handling during Power Operation
During power operation, the HFE rigs designated as XI83 series are offloaded and loaded using
the fuel element flask in accordance with Reference 4.3-7. The following describes a rig
movement at power using the same rig detailed in Reference 4.3-7. When at power, the RAT is
still pressurized with tritiated helium. The fuel element flask, with its ability to be connected to
the active extract ventilation system if necessary, is always used for power loads/unloads. Only
the HFE rig is removed, not the liner. The HFE rigs are removed periodically (e.g., 1 to 3 HFE
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rigs per day on 13 different days in the program cycle reviewed; Reference 4.3-1) during the
24 days with the reactor at power during a program cycle.
The fuel element flask is used to lift the HFE rig and transport it to the top of the portable
handling cell, on the No. 1 Storage Block; i.e., per Reference 4.3-7. Prior to lifting the rig from
the core, the fuel element flask is taken to the No. 1 Storage Block where the power unload/load
(UL/L) shield plug is loaded into the flask. The fuel element flask is then taken to the top plate
location where the top plate plug was previously removed from the reactor top plate hole above
the designated fuel element. The liner is verified to be secured to the fuel element shield plug
and the power UL/L mushroom installed. Power to the RCB crane is isolated once the flask is
on the top plate.
The winch operator obtains permission from the control room operator to start the power unload.
The winch operator is in constant communication with the control room via an intercom headset.
The FE flask grab is attached to the lifting mushroom and the operators manually raise the rig at
less than three revolutions per minute of the rig handwheel. The control room operator may call
for the speed of withdrawal to be increased or decreased during the lift depending on the rig
reactivity worth. The rig is partially raised beyond the point where it might influence reactivity
and allowed to drain for 10 minutes. Then it is raised fully into the flask. The power UL/L
shield plug is rotated into position and lowered into the vacated rig hole in the fuel element
facility. Power is then restored to the RCB crane and the fuel element flask is used to transport
the removed rig on to the portable handling cell.
The portable handling cell resembles a squatty but larger barreled flask. The replacement rig
samples are loaded into the portable handling cell beforehand. The rig is lowered into the
portable handling cell through a gate in the cell. The irradiated HFE targets are manually
removed using tongs within the portable handling cell that is lead lined. New targets are also
loaded within the portable handling cell, the rig raised into the FE flask, the flask door and
portable handling cell gate closed, and then the FE flask is used to return the HFE rig back to the
reactor core.
Once at the reactor top plate, power is again isolated to the RCB crane. The empty fuel element
flask barrel is positioned over the selected fuel element when the flask door is opened.
Permission is obtained from the control room operator to remove the power UL/L plug. The
plug is raised into the fuel element flask rotated out of the way, the grab is attached to the rig,
and the flask door opened. Permission is then obtained from the control room operator to lower
the rig into the core.
The rig is lowered at less than three revolutions per minute on the flask handwheel. After the rig
is fully inserted, the grab is released. The grab is then raised slowly to ensure that the rig has
been released. The grab is then fully raised, the flask door closed, and the fuel element flask
returned to the No. 1 Storage Block. The power UL/L shield plug is returned to the block. The
fuel element flask is removed and the shield plug inserted in the storage block hole.
The removed HFE targets are moved within the portable handling cell to the bottom load flask.
A manual system transfers the irradiated HFE targets to the bottom load flask. Then, while the
reactor is still at power, the bottom load flask is loaded onto a truck, and driven outside the RCB
via the VAL to handling Buildings 23 and 54.
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Also during power operation, the silicon ingots are irradiated in vertical graphite facilities; e.g.,
rigs X208, X214, and X215. Generally, each target is only irradiated on average about 40 hours,
after which it must be replaced. One of the two self-propelled silicon handling flasks (i.e., one
for 4" and 6" facilities, and one for 10" facilities) is used with a jib crane.
One barrel of a multiple barreled silicon flask is loaded with a silicon can containing new ingots.
Then, the self-propelled flask is placed over the silicon vertical graphite facility. The can with
irradiated silicon attached to the plug is lifted into the flask. The magazine of the flask is turned
to the barrel containing the silicon rig with new targets and it is then loaded into the facility. The
can with irradiated silicon is then transported by the silicon flask and stored in the silicon storage
blocks in the RCB; i.e., at the same level as the top plate. When sufficient decay has taken place,
the irradiated silicon targets are manually removed and then packaged within the RCB for
shipment offsite. The silicon plugs and cans are reused.
A third class of handling activities during power operation is the use of a pneumatic air handling
system to remove targets from selected self service rigs; Reference 4.3-8. This technique is used
for rigs X6, X7, X33, X34, and X176, all of which are irradiated in horizontal facilities. Rabbit
tubes leading from rigs X7, X33, X34, and XI76 penetrate the RCB walls. They then pass
pneumatically through a conveyor tube across the road to Building 23. The targets are
transported by compressed air.
For rigs X6 and X7, the targets are normally directed to a lead pot inside the RCB basement.
Rigs X33 and X34, used for radioisotope production, use the rabbit tubes that cross the road to
Building 23. However, prior to being transported outside the RCB, the targets are held in a delay
station in the RCB basement and monitored for acceptable radiation levels. Radiation levels for
these pneumatically transported targets are limited to less than 10 milliseiverts per hour
(1 R/hour) at lm in air. Rig X7 also has a delay port, and can be unloaded directly to
Building 23.
For rig X176 (i.e., the FANAL), targets are propelled into the reactor from Building 68,
irradiated, and then propelled out by compressed air. The rabbit tubes for this rig actually
penetrate the RCB. However, these penetrations are isolated automatically given a CIS signal.
4.3.3 Cleaning of the Pond Every 6 Months
In addition to the routine chemical dosing of the pond every planned shutdown, the pond is
drained approximately every 6 months for cleaning of the cooling towers and pond for the
control of bacterial growth; i.e., approximately once every six program cycles. This cleaning
operation requires that the total outage time be extended from approximately VA days to
AV* days.
Another difference between the standard program and programs involving the 6-month cleaning
activity is that mains water is aligned to the heat exchangers earlier than usual; during the first
24 hours rather than waiting for day 2 of the shutdown. This earlier alignment to mains water
eliminates the dependence on light water cooling and permits the draining of the pond to begin
early in the shutdown. Plant Operational Limits and Conditions (OL&Cs, Section 4.8 of
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Reference 4.3-3) preclude this alignment within the first hour of shutdown. To shorten the
duration of the shutdown, mains water is aligned as soon as 2 to 5 hours after shutdown.
The plant alignment during a scheduled program shutdown involving the 6-month pond cleaning
is now described. The bypass line between the inlet and outlet heat exchanger headers is first
opened, mains water is aligned to the required number of heat exchangers, and then flow from
the light water circuit pumps is isolated from the heat exchangers by remotely closing the heat
exchanger inlet valves. The discharge of mains water from the heat exchangers is directed to the
outlet header and then to the pond. During the first day of the shutdown, one light water
shutdown pump is also left running as a backup and to circulate flow between the inlet and outlet
headers and through one cooling tower. This circulation also provides flow to the shield cooling
heat exchanger. After a few hours, the operators may terminate mains water flow to all but one
heat exchanger, as decay heat removal requirements decrease. Draining of the pond and cleaning
of the cooling towers also begins in the first 24 hours. However, during the first day following
plant shutdown, there is still adequate level in the pond to run the light water shutdown pumps.
After the first 24 hours, the heat exchanger discharge from mains water is realigned to the
effluent tank via the RCB pit tank. Flow to the discharge header is isolated. After 24 hours
following plant shutdown, the light water shutdown pump is stopped so that pond draining can
continue below the pump suction level. Pond cleaning continues. The only backup to mains
water cooling then available is the option to open the heavy water plant room door and to rely on
natural convection cooling of the RCB via the space conditioner units.
Once pond cleaning is finished, the pond is then refilled; i.e., at roughly 59 hours after shutdown
the pond is started to be refilled and chemicals added. The operators then generally start two
main light water pumps to circulate flow between the inlet and outlet headers.
4.3.4 Major Shutdowns
In addition to the normal program shutdowns, occasionally the plant is shutdown for more
extensive maintenance or refurbishment. These longer duration shutdowns are referred to as
major shutdowns. The PSA model assumes that these shutdowns occur every 4 years and last an
average of 10 weeks. This is typical of past experience.
At the beginning of a major shutdown, the first 24 hours after reactor trip are similar to the same
period in a normal program shutdown. After this initial period, a major shutdown is very
different. For a major shutdown of HIFAR, all of the irradiated fuel elements initially present in
the RAT are offloaded to the No. 1 Storage Block. Like for normal program shutdowns,
individual fuel elements are only offloaded after the decay heat level for each element offloaded
drops below 2 kw.
The calculations for the fuel element cooling time required for decay heat to fall below 2 kw are
performed differently for major shutdowns. For major shutdowns, credit is taken for the use of a
dummy rig during transport of the fuel in the FE flask. The dummy rig assures that air cooling
within the FE flask is all directed across the fuel element tubes, and none of it passes through the
central fuel element facility. This credit means that the "4/3" rule is not applied; i.e., the
calculated initial power level for the fuel element is not multiplied by 4/3 before estimating the
cooling time required to fall below 2 kw as is done for normal program computed cooling times.
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The PSA study team has reviewed the basis for eliminating the "4/3 rule" in this instance and
concludes that it only minimally impacts the safety case for transport in the FE flask. It does,
however, reduce the margins available when compared against the cooling times calculated when
using the 4/3 rule. In either case, realistic estimates of the fuel element decay heat levels after
the estimated cooling times are still less than 2 kw.
Installation of the dummy rig prior to loading of the irradiated fuel element into the FE flask
does little to improve the safety of fuel replacement. It does assure that forced air cooling within
the FE flask does not bypass the fuel element tubes. This permits fuel elements with higher
decay heat levels to be safely cooled by the FE flask forced air cooling system; i.e., 11.4 kw
instead of 6.45 kw as discussed in Section 7.6.3 of Reference 4.3-8. This benefit is not seen as
significant. If forced air cooling within the FE flask is lost in transit, the presence of the dummy
rig would have little to no effect on maximum fuel temperatures because natural convection
within the flask in the vertical direction is not important. Peak fuel element temperatures within
the flask in the event of a loss of forced air cooling are limited by the heat capacity of the flask
itself which absorbs the decay heat and greatly slows the resulting fuel temperature transient.
Not using the 4/3 rule for computing fuel element cooling times to 2 kw, allows the fuel to be
offloaded sooner than during normal program shutdowns. Some fuel replacement is initiated
within 24 hours of plant trip and all of the fuel, subject to the cooling times computed, may be
unloaded in the first 3 days of the shutdown. In the 1995 major shutdown, all 25 fuel elements
were offloaded within 65 hours of plant shutdown. This is much sooner than a normal program
shutdown that does not begin fuel replacement until more than 72 hours after plant shutdown.
Even assuming the 4/3 rule, cooling times to less than 2 kw are generally less than 48 hours.
It is recognized that margins are reduced for the earlier times to fuel offloading during major
shutdown. Therefore, an extra, independent check of the fuel element selected for offloading is
performed relative to the checks for normal program shutdowns; i.e., both the active handling
supervisor and the DOE must sign that the selected fuel element is the correct one
(Reference 4.3-9).
During a major shutdown, fuel with the shortest cooling times are removed first. First, the 18
fuel elements with flux scan assemblies (FSA) are removed followed by the 7 with hollow fuel
element rigs (HFE). For each fuel element, the handling crew alternate between removing the rig
then the fuel. The vertical rig flask is used to remove the rig (FSA or HFE rig) and take it to the
storage block. The dummy rig is then loaded from the storage block, taken to the top plate and
inserted into the selected fuel element central facility. The vertical rig flask is then set aside on
the top plate. The selected fuel element and dummy rig is then loaded into the FE flask and
taken to the No. 1 Storage Block. The fuel remains in the No. 1 Storage Block until the outage is
nearly finished, at which time it is then returned to the RAT and startup activities begin.
After all fuel and associated rigs are offloaded, all other vertical rigs are offloaded; i.e., the 2V,
4 V, and 6V rigs are all offloaded and stored in the rig section of the No. 1 Storage Block. The
safety rods are then removed. Last of all, the CCAs are removed. All rigs are moved to the rig
section of the No. 1 Storage Block, except for the six 2V cobalt rigs that are stored in the
irradiated fuel/wet section of the No. 1 Storage Block.
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For a large portion of a major shutdown, the irradiated fuel and rigs remain in the No. 1 Storage
Block. There are no changes introduced specifically for a major shutdown that affect the
operation of the No. 1 Storage Block cooling system. The storage block cooling system operates
normally to remove the greater decay heat load resulting from the entire core.
HIFAR Operating, Limits, and Conditions (Reference 4.3-3) permit one train of the containment
isolation system to be out of service after 24 hours following reactor shutdown. After 84 hours,
both containment isolation trains may be out of service. This relaxation of operating
requirements permits work on containment penetrations. Due to the length of major shutdowns,
it is therefore possible for a large fraction of a major shutdown to have the containment both
unisolated and not readily isolatable. It is unclear, and certainly dependent on the activities to be
performed, what practices regarding containment isolation will be followed in future major
shutdowns.
4.3.5 Selection of Plant Operating States for Analysis
The earlier subsections describe the various plant conditions that occur during a typical 28-day
program, programs that involve cooling pond cleaning, and major shutdowns. At various times
during the program cycle, the plant systems used to perform key safety functions (e.g., reactivity
control, primary coolant inventory control, and heat removal) are aligned in different ways,
thereby affecting their reliability. Also, there are fuel handling activities (e.g., flask movements
required for fuel handling and rig handling) that only occur in selected time periods during the
program.
For risk assessment purposes, these operating conditions must be grouped into a discrete set of
states for analysis. These states are hereafter referred to as plant operating states, or POS for
short. For each POS, the plant conditions are assumed to be constant over the associated time
period. Several of the fuel handling activities are essentially unrelated to the states of systems
used to cool the fuel while it is in the HIFAR core. Therefore, separate POSs for these activities
are identified.
For the HIFAR plant and operating conditions, 13 such POSs were selected. These are defined
in Table 4.3-1 and discussed further in the following paragraphs. The first five POSs address the
irradiated fuel while it is in the HIFAR core. Figure 4.3-1 illustrates the relationship of the first
five POSs to the activities in a typical program cycle. The remaining POSs address the handling
of fuel outside the HIFAR core. The basis for selecting these POSs is provided in the discussion
for each individual POS. An event tree for distinguishing the first five POSs applicable to fuel
while in the HIFAR core is discussed later in Section 4.3.6. Section 4.3.6 also describes how the
less frequent effects of pond cleaning and major shutdowns are accounted for.
The number of plant operating states selected for HIFAR is less than that judged appropriate for
many power reactors. In large part, this is due to the constant RAT water level and relatively
constant RAT pressures maintained at HIFAR during shutdown conditions. This practice greatly
reduces the number of plant operating states required to simulate the different plant conditions.
This reduction is partly offset by the inclusion of POSs to address fuel handling events. The
consideration of fuel handling activities is not normally included in PSAs of plant shutdown
events.
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POS-1 — Planned Reactor Shutdown Cooldown Period
POS-1 covers the first 24-hour period following a planned reactor shutdown that defines the
beginning of each program cycle. The HIFAR Operational Limits and Conditions (OL&C) for
system requirements are essentially constant over this same period. See the discussion of
"Day 1" in Section 4.3.1.
During POS-1, the plant is assumed to be subcritical, with the CCAs fully inserted and the safety
rods raised. Fission power is eliminated so that decay heat is the only source of heating; roughly
1% of the 10 MW full-power level, and falling to 0.3% after 24 hours (Reference 4.3-10).
The operator actions that should be performed in the first couple of hours after reactor shutdown
are assumed to have been successfully completed for this POS. Therefore, the main heavy water
pumps have been stopped, and heavy water circulation is being provided by both heavy water
shutdown pumps. Similarly, two of the light water main water pumps have been stopped,
leaving just one light water main pump operating to provide secondary flow to the heat
exchangers, with the light water shutdown pumps in standby.
Every six program cycles, cooling pond cleaning is assumed to be performed. This requires that
the pond be drained for maintenance. In such program cycles, mains water cooling is actually
aligned to the heat exchangers in the first 3 to 5 hours. This alternative alignment for heat
exchanger cooling is also considered in the event sequence models for POS-1. For such program
cycles, the model conveniently assumes that mains water cooling is instead aligned for the entire
period of 24 hours represented by POS-1. HIFAR OL&Cs (Reference 4.3-3) preclude isolation
of the secondary cooling system and alignment of mains water sooner than 1 hour after
shutdown. The model conservatively assumes that if mains water is lost, the time available for
recovery is computed as if it were lost at time zero.
In preparation for rig handling soon after shutdown, the RAT is isolated from the helium system
and flow from the weir line is terminated by closing valve VI052. The operating liquid level
system pump has also been stopped. These alignments are assumed to have been successfully
completed for all of POS-1.
One other key difference between POS-1 and full-power requirements is that the line supplies for
electric power are not required to be functioning. While they are very likely to be available,
maintenance on these supplies is permitted during this POS. No maintenance on the ECCS or
EPSS systems is assumed to take place during this POS. Typically, maintenance within the
heavy water plant room is not performed until 48 hours after shutdown.
Events related to the servicing of hollow fuel element rigs (HFE rigs) (e.g., reactivity events,
flask drops) are considered in this POS. Typically, seven HFE rigs and one other vertical
reflector facility rig (e.g., rig XI06) are serviced during the first day after shutdown. The Silicon
arrays are also unloaded, and the top plate is then removed. In a typical program cycle during
these periods, rig XI06 is unloaded and transferred to Building 23. Afterwards, the top plate is
removed. Although a part of POS-1, the event sequence models for these activities are
considered separately from the HIFAR core event sequence models in Section 5.

\DIST\REPORT\SECT 4.3.DOC.01/15/98

4.3-13

POS-2 — Planned Reactor Shutdown; Maintenance Period
POS-2 covers three different periods of the shutdown totaling about 46 hours, all three periods
have similar system configurations. The three different periods are shown in Figure 4.3-1. The
first begins at 24 hours after shutdown (i.e., the end of POS-1) and extends to about 60 hours
after shutdown. The second (64 to 72 hours after shutdown) and third period (80 to 83 hours
after shutdown) of POS-2 cover the periods of time before and just after the fuel replacement
period modeled in POS-4 (72 to 80 hours after shutdown) up until reactor startup. The low
power period of operation from 60 to 64 hours after shutdown is considered separately in POS-3.
For all three time periods represented by POS-2, the reactor is shutdown and decay heat levels
have fallen to no more than 0.3%; see Reference 4.3-10. While the latter periods of POS-2 have
very similar system requirements, the decay heat level is even lower. However, the decay heat
levels are falling slowly so it was judged adequate to group these three, very similar periods of a
planned shutdown into one POS.
The OL&C requirements for available systems in POS-2 are less restrictive than during POS-1,
consistent with the reduced decay heat levels. For example, up to one train of the ECCS,
containment isolation system (CIS) or an EPSS diesel generator may be taken out of service for
maintenance during any of the three periods in this POS.
The reader is referred back to Figure 4.3-1 for the program cycle 474 shutdown schedule of
activities, which is believed typical for HIFAR normal programs. After servicing, rig XI06 is
returned to the reactor containment building and then to facility 6V-2. Only during this very
short period of POS-2 (about 3 hours) is the RAT isolated from the helium system, the weir line"
isolated, and the LLS pump stopped. The rest of the time represented by POS-2, the RAT is not
isolated, and operation of a main heavy water pump is permitted. Therefore, this assessment
assumes that throughout all of POS-2, the RAT is not isolated, the main heavy water pumps may
be operated, and the weir line is not isolated. This approximation is not believed significant.
Some further approximations are made in the modeling of POS-2. HIFAR OL&C requirements
specify that at least one out of three space conditioner system (SCS) trains be available 24 to
36 hours after trip, but none are required thereafter. Also, for programs involving pond cleaning,
which require that the pond be drained, one space conditioner must be available while on mains
water regardless of the time after shutdown. In this assessment, it is conservatively assumed that
all three SCS trains may be out of service simultaneously for all three periods of POS-2.
Roughly 30 hours after shutdown in a normal program, mains water cooling is aligned to a single
heat exchanger, and flow from the light water main and shutdown pumps is isolated from the
heat exchangers to allow chemical cleaning of the pond. It is assumed that this action is instead
initiated at 24 hours after plant trip. Therefore, for all of POS-2, mains water cooling is assumed
aligned to a single heat exchanger. A light water shutdown pump is kept available as a backup,
but it must be manually aligned to a heat exchanger if mains water cooling fails and alternate
forced circulation is required.
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POS-3 — Low Power Operation: Before and After Fuel Replacement
The reactor is returned to low power operation (i.e., roughly 10 kw, or 1/1,000 of full-power
operation) for reactivity balances and CCA calibration checks, before and after fuel replacement
(60 to 64 hours and 83 to 85 hours after shutdown); i.e., see Figure 4.3-1. At the time of the first
period of low power operation, the decay heat levels have fallen to just 0.25% of 10 MW, and are
just slightly less (i.e., about 0.22%) for the second period of low power operation; see
Reference 4.3-10.
During low power operation, the OL&C system requirements are more restrictive than those for
POS-2. In particular, one of three SCS trains is always required, regardless of the time after
shutdown or of the secondary cooling alignment. Also, additional redundancy is required for the
EPSS. Both EPSS diesel generators must be running, or one diesel generator must be available
in standby and both line supplies must be available for this POS. The low power operating
periods happen to coincide with the 2-day period of chemical pond cleaning. Therefore, mains
water cooling remains aligned to provide cooling to a heat exchanger.
During low power operation, the RAT may or may not be isolated so that either a main heavy
water pump or heavy water shutdown pump can be operated. This assessment assumes that the
RAT is isolated from the helium cover gas system, the weir line isolated, and no liquid level
pump is running. This assumption means that the main heavy water pumps are not to be
operated unless the operators first manually deisolate the RAT.
The events unique to low power operation (i.e., manual rig handling and positive insertion
reactivity events) are modeled as part of POS-3. They are considered as causes of initiating
events that can be modeled using the standard HIFAR core accident sequence models, as
described in Section 5.
During the second period of low power operation, the actual system configurations closely
parallel those for full power operation; i.e. the available systems are closer to the conditions for
full power since right after the second low power period, startup to full power will be initiated.
The model conservatively assumes that the conditions for the second period of low power
operation are similar to the first period.
POS-4 — Fuel Replacement
POS-4 covers the period of fuel replacement that occurs early on the fourth day of a normal
program shutdown; i.e., see Figure 4.3-1. Decay heat levels have fallen to just 0.23% of full
power during this period; see Reference 4.3-10.
The operating conditions and OL&C system requirements during fuel replacement are similar to
those for POS-2. One exception is that the RAT is isolated (and the weir line isolated) prior to
commencement of fuel replacement.
One important effect on the fuel remaining in the RAT during fuel replacement is the unseating
of the replaced fuel from its nozzle. Should a leak greater than the capacity of the scavenge
pumps occur while the fuel is unseated, RAT level would decrease sufficiently to uncover the
fuel.
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The events specifically related to fuel replacement are also considered in POS-4; i.e., transport to
and from the No. 1 Storage Block. During program cycle 474, four fuel elements were replaced
including three with flux scan assemblies. In the shutdown for program cycle 474, one other flux
scan assembly was moved to a different core location, and one other HFE rig and liner was
serviced after moving it to the storage block.
During a major shutdown, which occurs infrequently, all 25 of the fuel elements are offloaded
from the reactor core. As discussed in Section 4.3.4, the time of fuel unloading after shutdown is
quite different for a major shutdown. The activities associated with the offloads during a major
shutdown are also considered in PO-4.
POS-5 — Startup and Full-Power Operation
POS-5 covers the periods of reactor startup and full-power operation; i.e after the second period
of low power operation (see Figure 4.3-1). This POS covers a large fraction of the total program
time. The model assumes that the duration of POS-5 when added to the durations of POS-1,
POS-2, POS-3, and POS-4 adds to one calendar year.
Reactivity events associated with plant startup are considered. POS-5 also considers the rig
handling activities that are undertaken at power. About 24 HFE rigs are replaced during power
operation in a typical program. Also, several Silicon arrays are replaced.
The system operating conditions and OL&C requirements are the same for both startup and
full-power operation. The system requirements of interest are as indicated in Table 4.3.-1. For
this POS, two of three main D2O pumps and three of four H2O pumps are operating. Two trains
of ECCS, SCS, CIS, EPSS diesel generators, and both lines supplies must be available.
Temporary periods of maintenance are permitted on these systems with the reactor at power,
provided the total train outages for these systems do not exceed 5 days in any calendar year. If
two trains of any of these systems are lost, the OL&Cs require the plant to be shutdown within
1 hour. For the CIS, if the closure of one train is inoperative, the alternate closure must be
immediately placed in the sealed position or the reactor is to be shutdown.
POS-6 — Fresh Fuel Handling and Storage
This POS considers the transport, handling, and storage of fresh fuel in the nuclear materials
vault of Building 17, the assembly of new fuel elements to used shield plugs at the fuel element
assembly station in Building 15, and the storage of newly assembled fuel in the dry, new fuel
section of the No. 1 Storage Block in Building 15. These activities would normally be
performed with the reactor at high power. The normal throughput of 37 fuel elements per
calendar year is assumed.
POS-7 — Irradiated Fuel Element Section of the No. 1 Storage Block
Irradiated fuel elements are located in the No. 1 Storage Block during all phases of plant
operation. Therefore, this POS considers the irradiated fuel in the storage block for an entire
calendar year. The fuel in the storage block is considered separately purely for modeling
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convenience and for presentation. Most but not all initiating events that challenge the systems
protecting the HIFAR core have no impact on the storage block cooling system.
The states of reactor systems have only limited influence on the risk of accidents involving the
storage block. Two support systems of interest are the EPSS electric power systems, and mains
water cooling. Mains water cooling is required as the ultimate heat sink for storage block
cooling. The availability of the EPSS standby diesel generators and line supplies must also be
considered. The HIFAR OL&Cs specify that for times greater than 24 hours after plant
shutdown, there are no requirements on the line supplies, and only one of two diesel generators is
required. After more than 84 hours following plant shutdown, there are then no OL&C
requirements for either EPSS diesel generator. Therefore, the status of these systems as a
function of time after shutdown must be considered.
There are two key activities for the No. 1 Storage Block in so far as the amount of decay heat and
fuel activity of concern. One period is immediately following fuel replacement. Two to five
irradiated fuel elements have just been removed from the core and are at maximum decay heat
level. The OL&Cs require that 48 hours elapse before fuel is offloaded from the reactor in a
normal program shutdown. However, station practice is that fuel is offloaded no sooner than
72 hours after plant shutdown. This condition occurs 13 times per year.
The second key activity is at the beginning of a major shutdown, when all 25 fuel elements are
removed from the reactor core and placed in the No. 1 Storage Block, along with those already
present. This key period occurs less frequently (assumed once every 4 years and lasting for
10 weeks).
The fuel handling activities themselves are considered in POS-4. POS-7 considers the decay
heat levels in the No. 1 Storage Block for both these key periods. Since the decay heat levels
only affect the time available for operator actions, the current models conservatively consider the
case when the entire core has been offloaded to the storage block, and then conservatively use
these times for all periods of fuel storage.
POS-8 — Shearing and Transfer via FE Flask and ST Flask
Irradiated fuel element transfer to the shearing station, shearing, and transfer to Building 23
using the ST flask are considered in this POS. These actions are performed with the reactor at
full power; i.e., not during the 4-day planned shutdowns. These handling activities, therefore,
take place at the same time as POS-5: Startup and Full-Power Operation. They are considered
separately because the event sequence models are different from those representing POS-5.
The shearing and transferring activities are performed no sooner than 9 days after the end of the
previous cycle. The irradiated fuel elements removed from the No. 1 Storage Block are to have
decayed for no less than 37 days; i.e., one program cycle plus 9 days. This is a station policy.
There are no OL&C requirements regarding these actions. In practice, the decay times before the
fuel is sheared are often much longer, sometimes as long as 1 year after shutdown.
Once four irradiated fuel elements are sheared and loaded into the ST flask, the ST flask is
moved outside the reactor containment building, and transported to Building 23. Accidents
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resulting from the transport and unloading of the ST flask into the cropping pond in Building 23
are considered in this POS.
A total of nine ST flask transfers of four fuel elements each is assumed per calendar year. The
model therefore conservatively represents the actual 37 fuel elements sheared per average.
POS'9 — Storage and Handling in Building 23
The cropping of the irradiated fuel elements previously unloaded from the ST flask, transfer to,
and storage in the gamma irradiation pond are considered in this POS. These transport activities
are performed, time permitting, after a number of fuel elements have been accumulated in the
cropping ponds, approximately 20. Recall that only 37 fuel elements are typically removed from
the HIFAR core each year. The model assumes that a total of 37 fuel elements are cropped each
year.
These activities may occur at any time of a normal program cycle but would typically not occur
every program cycle. Due to the overlap of personnel responsibilities, these handling activities
would typically be performed when the reactor is at full power, and the demand on personnel for
other handling activities are at minimum. The storage of irradiated fuel elements in Building 23
is independent of the status of systems that protect the HIFAR core. Therefore, for modeling
convenience they are treated separately in this POS.
POS-10 — Loading, Transport from Building 23 to Building 27, and Storage in
Building 27
The transfer and loading of cropped fuel elements from the gamma irradiation pond into
long-term storage containers in the cropping pond, transport to Building 27 using the general
purpose flask, unloading at Building 27 (two fuel elements per container), and long-term storage
at Building 27 are all modeled in this POS. These activities are independent of the status of
systems that protect the HIFAR core, and therefore are considered separately. The fuel elements
are only moved after they have been in wet storage at Building 23 for much longer than 1 year.
In earlier years, a minimum post-irradiation time of 21 months was in force. At present, the dry
storage holes in Building 27 are at capacity.
Except possibly for limited, irregular inspections of selected fuel elements, no significant
transport of fuel elements from Building 23 is expected to take place until shipping of fuel
elements offsite frees up additional capacity for dry storage in Building 27. The model assumes
that one shipping cask of 120 fuel elements will be loaded each year from dry storage in
Building 27. This then is also the assumed number of fuel elements to be transported from the
gamma irradiation pond in Building 23 to the then freed up dry storage capacity in Building 27.
POS-11 — Storage and Handling of Dounreay Flasks in Building 59
For many years, irradiated fuel elements have been stored in seven Dounreay flasks. Currently,
these flasks are stored in Building 59. The risks from handling and storage in the Dounreay
flasks is considered in this POS. The Dounreay flasks are left in position at Building 59. No
routine handling is defined. However, the one time transport of all seven Dounreay flasks to
Building 41 for refurbishing is expected. The risks from transport of all 175 irradiated fuel
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elements stored in the Dounreay flasks is considered in this POS. The handling, transport, and
storage of fuel elements in the Dounreay flasks is independent of all reactor systems. Therefore,
these activities are considered separately.
POS-12 — Storage and Handling in Building 41 Pond
A limited number (eight) of irradiated fuel elements are stored in the Building 41 pond. It is
expected that the Dounreay flasks will eventually be transported to the Building 41 pond,
offloaded, fuel elements inspected, seals refurbished, and then reloaded all within the
Building 41 pond. This POS considers both the storage of the eight fuel elements and the one
time refurbishment of the Dounreay flasks. Vehicle transport of the Dounreay flasks to and from
Building 41 is instead considered in PQS-12.
POS-13 — Transport to Building 41 and Loading ofLHRL-120 Spent Fuel
Shipping Cask
If circumstances permit, preparation for loading the overseas shipping cask (LHRL-120)
involves the transfer of irradiated fuel elements to shipping baskets in the Building 41 pond. The
fuel may be transferred from the Dounreay flasks in Building 59, the dry storage holes in
Building 27, or the gamma irradiation pond in Building 23. The model assumes that the fuel is
transported from dry storage in Building 27. Transport from the gamma irradiation pond in
Building 23 to Building 27 is then modeled in POS-10.
The general purpose flask would be used to transport fuel from Building 27. Once transferred to
the shipping baskets, the shipping baskets would be loaded into the spent fuel shipping cask
(LHRL-120) in preparation for shipping overseas. These activities are considered in this POS.
The activities are independent of the status of reactor systems. The model assumes that one
shipping cask of 120 fuel elements will be loaded each year. This rate is believed to be
conservative for future years.
4.3.6 Relationship between HIFAR Core Plant Operating States
The POSs are defined in Section 4.3.5. POS-1 through POS-5 represent the different states of
systems used for safety of the HIFAR core. This section details the fraction of time spent in
POS-1 through POS-5. Consideration is given to these states for normal programs with 4-day
shutdowns, programs involving cooling pond cleaning, and for major shutdowns. An event tree
is presented that distinguishes the five POSs associated with the HIFAR core for each of these
three conditions. This POS event tree is then used together with the support system event tree
described in Section 7.1, and the HIFAR reactor core event sequence models developed in
Section 5, to form a complete accident sequence model. The type of program and specific POS
are used as conditions on the split fractions for subsequent top event during accident sequence
frequency quantification.
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The POS event tree consists of 15 branches; five POSs for each of the three program conditions.
Figure 4.3-2 illustrates the POS event tree. The fractions of time spent in each state are
computed using the following assumptions:
1. There are 11 normal programs per calendar year and the total hours spent per program in
each of POS-1 through POS-4 are as indicated in Table 4.3-1.
2. There are two programs involving pond cleaning per calendar year and the hours spent in
each of POS-1, POS-3, and POS-4 are as indicated in Table 4.3-1. The time spent in
POS-2 is increased by 1 day compared to a normal program; i.e., to 70 hours.
3. Major shutdowns occur every 4 years and last 10 weeks each. The duration of POS-1 for
a major shutdown is the same as for normal programs; i.e., 24 hours.
4. For a major shutdown, fuel replacement (POS-4) begins at 24 hours after shutdown and
lasts for 41 hours; until 65 hours after shutdown. POS-2, POS-3, and POS-5 for the
major shutdowns are each assigned 0 hours duration. POS-2 and POS-3 are not relevant
because the fuel elements are removed from the RAT. The time spent during startup and
during full power (i.e., POS-5) following a major shutdown is instead included with
POS-5 for normal programs.
5. The time spent in POS-5 (startup and full-power operation) for normal and pond cleaning
programs are equally divided and weighted by the number of programs of each type so
that the total fraction of time spent in all 15 states adds to 1.0.
6. The fractions of time spent in each state are adjusted for those initiating events that can
only occur in specific POSs; e.g., reactivity insertions during plant startup.
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Table 4.3-1 (Page 1 of 4). Plant Operating States Selected for Risk Analyses

<7S

I

q

Plant Operating State
POS-1. Planned Reactor
Shutdown Cooldown Period
(Some Maintenance in Progress
Outside the Plant Room)

POS-2. Planned Reactor
Shutdown; Maintenance Period

Duration (per 28-Day
Program Cycle)
0-24 Hours after Trip (24 Hours)

24-60 Hours, 64-72 Hours, and
80 to 83 Hours after Trip
(46 Hours)

Comments; Modeled Equipment Line-Up/Modeled Requirements for Key Systems
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Two of two D2O shutdown pumps start on main pump trip and run; two must be operable.
Main D2O circulators not to be run unless RAT deisolated.
One main H2O pump operating05; two H2O shutdown pumps operable as backup.
CCAs , at least five not in maintenance, six required during rig movements.
Safety rods raised, at least one operable, two required if core movements,
Line supplies may be in maintenance.
Two EPSS diesel generators operable.
Two scavenge pump systems must be operable.
Two CIS trains must be operable.
At least two of three space conditioners operable; two normally running and one in standby.
No LLS pumps required, none running.
RAT isolated (helium system isolated, including weir line).
Shield cooling pressure pumps both stopped, one suction pump is operating.
DPR door is closed.
Two of two D2O shutdown pumps operating, at least one operable.
Main D2O circulators may be run.
Mains water aligned to one heat exchanger, at least one H2O shutdown pump operable as
backup(l); two main H2O pumps are operating to circulate chemicals through secondary side.
Secondary flow to shield cooling heat exchanger isolated.
CCAs at 0 degrees, at least five not in maintenance.
Safety rods raised, at least one operable.
Line supplies may both be in maintenance.
Two EPSS diesel generators running or both lines supplies and one diesel generator operable.
At least one Scavenge pump system operable.
At least one CIS train operable.
1 of 3 space conditioners must be operable (none required after 36 hours), two normally running
and one in standby.
No LLS pumps required, one is normally running.
RAT not isolated (helium system, including weir line, not isolated).
Shield cooling system shutdown, no operability requirements.
DPR door opened in third day, about 22 out of 46 hours POS-2 duration.
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POS-3. Low Power
Operation: Before and
After Fuel Replacement

Duration (per 28-Day
Program Cycle)
60-64 Hours and 83-85 Hours
after shutdown (6 hours);
(second period conservatively
modeled the same as for first
period of low power operation)

POS-4. Fuel Replacement

72-80 Hours after Trip (8 Hours)

Plant Operating State

Comments; Modeled Equipment Line-Up/Modeled Requirements for Key Systems
• Two of two D2O shutdown pumps normally running, at least one operable.
• RAT isolated (helium system, including weir line, isolated), assumes a rig delta-k measurement is
performed.
• Main D2O circulators not to be run.
• Mains water aligned to one heat exchanger, at least one H2O shutdown pump operable as backup(1); one
main H2O pump is operating to circulate chemicals through secondary side.
• Secondary flow to shield cooling heat exchanger isolated, at least one suction pump must be operable.
• CCAs initially at 0 degrees, but raised during testing; six must be operable.
• Safety rods raised, two must be operable.
• Both line supplies and at least one diesel generator operable, or both EPSS diesel generators running.
• At least one Scavenge pump system operable.
• At least one CIS train required.
• At least one of three space conditioners operable, three normally running®.
• No LLS pumps required, none running.
• DPR door closed.
Includes normal planned shutdowns and major shutdowns when the entire core is offloaded:
• Two of two D2O shutdown pumps normally running, at least one must be operable.
• Main D2O circulators not to be run.
• Mains water aligned to one heat exchanger, at least one of two H2O shutdown pumps must be operable
as backup(l); two main H2O pumps are operating to circulate chemicals through the secondary side.
• Secondary flow to shield cooling heat exchanger isolated, at least one suction pump must be operable.
• CCAs at 0 degrees, six must be operable.
• Safety rods raised, two must be operable.
• Line supplies may both be in maintenance.
• At least one EPSS diesel generator must be operable.
• At least one Scavenge pump system must be operable.
• At least one CIS train must be operable, alternate closure must be sealed if one closure is found
inoperable.
• 0 of 3 space conditioners must be operable, three normally running.
• No LLS pumps required, none operating.
• RAT isolated (helium system, including weir line, isolated).
• DPR door open.
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POS-5. Startup and Full-Power
Operation

Duration (per 28-Day
Program Cycle)
85 Hours - 28 Days
(about 24.5 Days)

POS-6. Fresh Fuel Handling
and Storage

Prior to Beginning of Planned
Shutdown

POS-7. Irradiated Fuel Element
Section of the No. 1 Storage
Block
POS-8. Shearing and Transport
via FE Flask and the ST Flask

0-28 Days (28 Days)

Plant Operating State

4*.

POS-9. Storage and Handling in
Building 23

After Day 9 of Second following
Program Cycle; i.e., Minimum
37 Days after Shutdown
After Day 9 of Second following
Program Cycle; i.e., Minimum
37 Days after Shutdown

Comments; Modeled Equipment Line-Up/Modeled Requirements for Key Systems
•
•
•
•
•
•
•
•
•
•
•

Two of three main D2O pumps running, at least 2 running
Three of four main H2O pumps running and at least five cooling tower fans operating.
CCAs, six must be operable.
Two safety rods raised, both must be operable.
Both line supplies must be operable.
Two EPSS diesel generators must be operable(2).
Two Scavenge pump systems must be operable(2).
Two D2O shutdown pumps must be operable(2).
Two H2O shutdown pumps must be operable*2'.
Two CIS trains must be operable.
Two of three space conditioners must be operable; three normally running(2)i, two in service and
one in standby.
• One LLS pump running.
• RAT deisolated (helium system, including weir line, in service)
• One pressure pump and one suction shield cooling pump are running with secondary cooling to
shield cooling system heat exchanger.
• DPR door closed.
• Delivery of fuel to Building 17.
• Inspection and acceptance of fuel.
• Storage in nuclear materials vault.
• Assembly of fuel to shield plug.
• Transport to No. 1 Storage Block in Building 15.
• Storage in new fuel section of No. 1 Storage Block.
• Key periods are following fuel replacement (POS-4), and at the beginning of major shutdowns
when the entire core is offloaded.
• Water level and primary coolant circulation must be operational.
Not related to state of reactor systems, which are in POS-5. Includes transport of ST flask via trailer
through VAL to and unloading in Building 23.
Cropping, transfer to, ahd.stofage iff gammairfadistic-npond. Not related ttf state of reactor
systems.
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Plant Operating State

Duration (per 28-Day
Program Cycle)
1 Year after Plant Trip (Risk
Governed by Transport
Activities)
Fuel Stored for Many years after
Plant Trip
Fuel Stored for Many Years after
Plant Trip
As Circumstances Permit, but all
Fuel has Decayed for More Than
7 Years

Comments; Modeled Equipment Line-Up/Modeled Requirements for Key Systems

POS-10. Loading, Transport
Loading cropped fuel elements into long-term storage cans, transport to Building 27, and dry
from Building 23 to Building 27,
storage. Not related to state of reactor systems.
and Storage in Building 27
POS-11. Handling and Storage
Above ground storage in Building 59. Transport to Building 41 for Dounreay flask refurbishing.
Not related to state of reactor systems.
in Building 59 Dounreay Flasks
POS-12. Storage and Handling
Underwater storage and handling, including Dounreay flask refurbishing. Not related to state of
in Building 41 Pond
reactor systems.
POS-13. Transport to
Transfer to and loading into the LHRL-120 shipping cask via the pond in Building 27. Not related to
Building 41 and Loading of
state of reactor systems.
LHRL-120 Spent Fuel Shipping
Cask
Notes:
1. Every 6 months the cooling pond is drained for cleaning. During these planned shutdowns, mains water cooling is aligned within the first 2-5 hours after shutdown
and remains aligned until the reactor is to be checked out for startup. The light water cooling system (at least one shutdown pump with one tower and adequate pond
level) is still operable during POS-1, although flow to the heat exchangers is isolated. After 24 hours, the light water cooling system is shut down to allow the pond to
be completely drained. Therefore, it is conservatively assumed that for all of POS-2 backup cooling for mains water is not provided by the light water cooling system.
Instead, for planned shutdowns involving draining of the pond, backup cooling is provided by the space conditioners, at least one of which must be operable after the
first 24 hours. In the event mains water is then lost, the operators are to open the heavy water plant room door and rely on natural convection cooling to the space
conditioners. The model conservatively assumes that all three SCS may be out of service for maintenance in such circumstances. After about 59 hours, a light water
main pump is restarted, although the system remains isolated from the heat exchangers which is instead cooled by mains water. Therefore, POS-3 and POS-4 are still
backed up by light water cooling during these shutdowns.
2. For each of these systems, the requirements for full-power operation allow up to one additional train out of service for a maximum of 5 days per year. However, if all
trains of the system are lost, the reactor must be shutdown within 1 hour.
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Figure 4.3-1. Time Sequencing of Major Activities in Program Cycle 474 and Relationship
to Plant Operating States involving the Reactor Core (i.e., POS-1 through POS-5)
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Figure 4.3-2 Plant Operating State Event Tree for States Associated
with HIFAR Core (POS-1 through POS- 5)
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4.4 Plant Damage States
The plant model traces the status of relevant plant systems and operator actions for a large
number of unique sequences. These sequences can be grouped (binned) into a relatively small
number of categories called plant damage states (PDS). Each plant damage state identifies a
unique set of initial conditions for evaluating both the containment response and the assessment
of the release of radioactive materials to the environment; i.e., the Level 2 phase of a PSA. PDSs
can be considered as the "initiating events" for a Level 2 analysis. It is the inclusion of these
PDSs in the scenario definition process that differentiates a Level 1+ PSA from a Level 1 PSA.
For the HIFAR PSA, each plant model accident sequence is assigned to a PDS by first
considering whether or not the sequence ended in "success" or has the potential for fuel damage
or the release of tritium. Except for sequences that result in a substantial tritium release,
sequences that do not result in fuel damage require no additional specification.
Four plant damage state matrices are presented. The first addresses scenarios from all transient
or leak initiators potentially involving irradiated fuel in the RAT or the release of a significant
amount of tritium from the primary circuit. The second matrix addresses sequences involving
potential damage to the irradiated fuel in the No. 1 Storage Block that was initiated by the loss of
cooling. The third plant damage state matrix addresses scenarios involving all transport of fuel
in flasks and the movement of heavy objects inside the RCB. Scenarios involving potential
damage to the fuel in the RAT or the No. 1 Storage Block due to the dropping of heavy objects
are addressed in the third matrix. The fourth matrix addresses scenarios involving the transport
or storage of fuel outside the RCB. Clarity is enhanced by separating the plant damage states
into the four distinct matrices; a combined single matrix proved to be unwieldy.
Each of the four plant damage state matrices is discussed in the following sections.
4.4.1 Plant Damage States for Scenarios involving Fuel or Tritium in the RAT
(Transient or Leak Events)
The first PDS matrix characterizes the sequences initiated by transients or leak events that have
the potential for fuel damage or tritium release involving fuel in the RAT. This matrix is
applicable for selected initiators that occur during POS-1 through POS-5. The following PDS
parameters have been identified to characterize the plant model sequences assigned to the first
PDS matrix:
•

Location of fuel when damage occurs; i.e., in the RAT.

•

Source of radioactive material (entire core, partial core, tritium release only).

•

Status of secondary cooling (light water) to primary system heat exchangers (available or
not available).

•

Location of release (inside or outside of the RCB; if inside, in the DPR or outside of the
DPR).
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•

Operator isolates RCB compressed air systems and strips unnecessary RCB electrical
loads to mitigate RCB pressure rise (yes or no).

•

RCB isolated (all penetrations isolated by valves, one or more penetrations isolated by
water seals only, not isolated, or bypassed).

•

Space conditioning system (SCS) available (yes or no)?

•

Standby active ventilation system (SAVS) available for venting the RCB if necessary
(yes or no)?

The PDS parameters selected for HIFAR can be summarized in a matrix form as shown in
Figure 4.4-1. The following sections discuss the reasons for selecting the above PDS parameters
and their attributes.
4.4.1.1 Location of Fuel That is Damaged or Loses Cooling
Fuel location is selected as a PDS parameter to provide a basis for assessing containment
capability and the potential pathways for radioactive materials to be released to the environment.
For each location, there is potentially a unique set of source terms due to event timing and
potential mitigation measures. The designator "R" indicates that scenarios assigned to this
matrix involve damage to fuel in the RAT or the release of tritium from the heavy water circuit
that contains the RAT.
Events involving the fuel in the reactor core are believed to have the greatest potential for the
greatest release of fission products to the environment. Due to the fact that only two to five fuel
elements are replaced during shutdown, the PDS matrix does not distinguish between events that
occur early in power operation and those that occur near the end of the 24-day full-power
operating period. Source terms for a Level 2 analysis would likely be based on end-of-cycle
conditions.
4.4.1.2 Source of Radioactive Material
This attribute is included as a PDS parameter to address the amount of core damage and events
involving a tritium release but no significant fuel damage. The first discriminator utilized,
designated by the letter C, applies to those scenarios in which the entire core is damaged while in
the RAT. For such scenarios, it is possible that extensive relocation of the damaged fuel occurs.
Partial (limited) core damage is designated by the letter P. The scenarios that fall into this
category include scenarios in which the core damage is arrested before any significant relocation
of fuel occurs. Fuel element blockage scenarios would also fall into this category.
The letter T is utilized for those scenarios in which tritium from the heavy water circuit is
released into the RCB but no significant fuel damage has occurred.
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4.4.1.3 Availability of Secondary Cooling to the Primary System Heat Exchangers
This PDS parameter addresses the availability of secondary cooling to the primary system heat
exchangers. Two variations are addressed:
•

Forced secondary cooling is available from either the light water systems or from mains
water (designated by the letter Y).

•

Forced secondary cooling is unavailable or is not important (designated by the letter N)-

There are several Level 2 issues whose outcome may be dependent on the availability of
secondary cooling. One concern relates to the potential failure of the primary/secondary side
boundary of the heat exchanger leading to a containment bypass event. This failure could
concurrently be induced by molten fuel that falls into the heat exchangers from the core via the
risers. There is also the potential for steam explosions in the plant room if the molten fuel melts
through the heat exchanger and falls into a pool of water; e.g., from a primary system leak.
For tritium release scenarios, whether or not the operator successfully tripped the cooling tower
fans is potentially of interest in determining the transport of the tritium. If further analyses of
such scenarios are attempted to address fission product transport issues, then consideration of the
tripping of the cooling tower fans should be made.
4.4.1.4 Location of Initial Release
This parameter reflects the location of the initial release that characterizes the early portions of
the scenario. If fuel damage occurs, there is then an open pathway from the RAT to the
identified initial point of release. For sequences involving the fuel in the RAT, the potential
release point of tritium would be of interest when evaluating the amount released to the
environment. Specific release points considered in the plant model are:
•
•
•
•

Into the RST (designated by the letter R).
In the DPR (designated by the letter D).
Outside the DPR, but inside the RCB (designated by the letter E).
Outside the RCB (designated by the letter O).

Heavy water leaks to the RST are believed to be contained provided there is no significant fuel
damage. The RST is essentially leak tight and fully capable of retaining any leakage from the
heavy water circuit. A successfully mitigated but unisolated heat exchanger tube failure event,
for example, is an example of the latter category.
4.4.1.5 Isolation of Containment Compressed Air Systems and Electrical Load
Stripping
This PDS parameter is defined for HIFAR to address the rate of RCB pressurization during
severe accidents. RCB electrical loads are approximately one-third the decay heat loads. In
addition, containment compressed air systems are known to leak, adding to the RCB
pressurization when it is properly isolated. Compressed air systems are not isolated
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automatically by the RCB seal function, and therefore they must be manually isolated to
eliminate this potential source of pressurization and driving force for leakage from the RCB.
This "containment pressure control" operator action is included in the Level 1+ model and since
it is potentially important to Level 2 analyses, it's success or failure is designated as a PDS
parameter. The letter Y designates that the operators were successful in these actions and the
letter N designates that they were not.
4.4.1.6 Containment Isolation
The integrity of the containment boundary defined by the RCB and its penetrations plays an
extremely important role in the determination of the amount released to the environment
resulting from a radioactive material release inside the RCB.
The HIFAR containment has redundant and diverse containment isolation capability. To address
the potential for different source terms and the potential for the containment pressure to exceed
the head of water required to "blow out" the water seals if the redundant isolation valve fails to
close, four variations of containment isolation status were discriminated for this PDS attribute.
These variations are as follows:
•

Containment penetrations are all isolated by the valves (designated by the letter Y).

•

One or more containment penetrations are isolated by the water seals but the valves
are not closed (designated by the letter W).

•

Containment is not isolated (designated by the letter N); i.e., in at least penetration,
both trains of isolation fail to seal the RCB.

•

Containment is bypassed; for example, via a leak path through a broken heat
exchanger tube (designated by the letter B)

4.4.1.7 Availability of the Space Conditioning System (SCS)
The SCS consists of three identical, but independent subsystems that can be used to provide
post-accident control (i.e., cooling and to some extent, the cleanup of radioactive material, etc.)
of the containment atmosphere. The availability of the SCS is designated by the letter Y and its
unavailability is designated by the letter N.
4.4.1.8 Availability of the Standby Active Ventilation System (SAVS)
The SAVS provides ventilation of the RCB when the normal and active ventilation penetrations
are closed. It can be used to limit the RCB internal pressure, thereby improving the leakage
characteristics of the RCB. The SAVS is normally left in the sealed condition but it can be
manually operated from the emergency control room (ECR) to provide a controlled path (filtered
release via the plant stack) for containment depressurization. Only two discriminators are used
for the SAVS: available and manually actuated (designated by the letter Y) and not available or
not actuated (designated by the letter N). If the containment is not isolated or is bypassed, the
SAVS is assumed to be ineffectual.
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4.4.1.9 Plant Damage State Identifiers
Referring to Figure 4.4-1, each PDS has an unique six letter identifier (the three letters associated
with containment isolation, SCS availability, and SAVS availability are condensed into one
letter). For example, plant damage state RCNOYB represents the following conditions:
R = the accident scenario involves fuel element damage to irradiated fuel in the RAT.
C = the entire core is assumed to be damaged.
N = secondary cooling is not available.
O = the location of the initial release is outside the RCB.
Y = the operator has successfully isolated containment compressed air systems and
stripped unnecessary electrical loads with in the RCB to minimize containment
pressurization.
B = the containment is bypassed, the SCS is unavailable, and the SAVS is assumed to be
unavailable.
4.4.1.10

Water Coverage of Molten or Damaged Fuel

During the review of the draft study, the question was raised as to whether an additional
parameter should be included to distinguish scenarios in which the overheated fuel is covered by
water or not. Water coverage of overheated fuel has been found to be an important factor in
power reactor studies when defining the magnitude of release from the reactor to the
environment. The study team considered the addition of such a parameter but chose not to given
the current state of knowledge associated with accident progression at HIFAR. Other parameters
may also be of interest for an assessment of accident progression in a level 2 analysis. For
example, operation of the heavy water coolant pumps may effect the distribution of damaged
fuel around the heavy water circuit.
The plant damage state matrices for HIFAR had to be fairly complex just to distinguish the
different states of the active containment systems and sources of radioactive material. If
additional probabilistic analyses of HIFAR are considered, sequence frequency arguments may
be used to limit the number of plant damage states explicitly tracked, at which time the addition
of new parameters to track accident progression issues may be appropriate.
The study team believes that the frequency of water coverage scenarios is easily definable with
the current models. The following additional comments on the question of water coverage are
offered.
Scenarios involving ATWS or core flow blockage are likely to lead to water coverage of the
molten or damaged fuel. After the initial period of fuel damage, decay heat removal should still
be possible via the bulk liquid. Such sequences can easily be distinguished in the HIFAR PSA.
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For leaks and transients where decay heat removal is lost, the fuel in the core is uncovered prior
to the onset of fuel damage. See, for example, the calculations presented in Appendix D. In
such scenarios, there is no additional injection after fuel damage. Therefore, these scenarios do
not include water coverage of the molten or damaged fuel.
Accident management procedures at HIFAR do not currently address whether RAT flooding
should be initiated later if it is not initiated in time to prevent fuel damage. A delayed initiation
of RAT flooding would constitute injection after fuel damage and could conceivably result in
water coverage of the molten or damaged fuel, particularly for transients involving a loss of
decay heat removal. Steam would be produced during at least the initial phase of this delayed
injection. This steam would provide a driving force for release. Therefore, the advisability of
this action should be considered further. No credit for RAT flooding initiation after fuel damage
is given in the current models.
4.4.2 Plant Damage States involving Fuel in the No. 1 Storage Block (Loss of
Cooling Events)
The second PDS matrix characterized the sequences that have the potential for fuel damage
involving fuel in No. 1 Storage Block. This matrix is applicable to selected initiators for POS-4.
The PDS parameters have been identified to characterize the plant model sequences assigned to
the second PDS matrix are:
•

Location of fuel when damage occurs (the No. 1 Storage Block).

•

Source of radioactive material (stored elements in a typical program cycle, or the entire
core in the No. 1 Storage Block).

•

Location of release (outside of the DPR, or outside of the RCB).

•

Operator isolates RCB compressed air systems and strips unnecessary RCB electrical
loads to mitigate RCB pressure rise (yes or no).

•

RCB isolated (all RCB penetrations isolated by valves, one or more penetrations isolated
by water seals only, at least one penetration not isolated, or the RCB bypassed).

•

Space conditioning system (SCS) available (yes or no)?

•

Standby active ventilation system (SAVS) available (yes or no)?

The PDS parameters selected for HIFAR can be summarized in a matrix form as shown in
Figure 4.4-2. The following subsections discuss the reasons for selecting the above PDS
parameters and their attributes.
4.4.2.1 Location of Fuel That is Damaged or Loses Cooling
In the second PDS matrix, the location of the irradiated fuel of concern is the No. 1 Storage
Block, designated by the letter S.
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4.4.2.2 Source of Radioactive Material
The letters L and E are used for events in which cooling is lost to the irradiated fuel elements
being stored in the No. 1 Storage Block.
The letter L depicts the situation during a typical program cycle. In such a typical cycle, two to
five fuel elements are removed at the end of a fuel cycle and would be stored in No. 1 Storage
Block along with elements remaining from previous cycles prior to their transfer to Building 23.
During major shutdowns, all 25 fuel elements are removed from the reactor and placed in the
irradiated fuel element section of the No. 1 Storage Block. This latter condition may persist for
2 months and is denoted by the letter E.
4.4.2.3 Location of Initial Release
This parameter reflects the location of the initial release path that characterizes the early portions
of the sequence. Specific release points considered in the plant model are:
•
•

Outside the DPR, but inside the RCB (designated by the letter E).
Outside the RCB (designated by the letter O).

4.4.2.4 Isolation of Containment Compressed Air Systems and Electrical Load
Stripping
This PDS parameter is described in Section 4.4.1.5.
4.4.2.5 Containment Isolation
This PDS parameter is described in Section 4.4.1.6.
4.4.2.6 Availability of the Space Conditioning System
This PDS parameter is described in Section 4.4.1.7.

4.4.2.7 Availability of the Standby Active Ventilation System
This PDS parameter is described in Section 4.4.1.8.

4.4.2.8 Plant Damage State Identifiers
Referring to Figure 4.4-2, each PDS has an unique five letter identifier (the three letters
associated with containment isolation, SCS availability, and SAVS availability are condensed
into one letter). For example, plant damage state SEEYA represents the following conditions:
S = the accident scenario involves fuel element damage that occurs while the fuel is in
No. 1 Storage Block.
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E = the entire core has been off-loaded during a major outage; potential damage to the
entire offloaded core and the elements from previous cycles stored in the No. 1
Storage Block is considered.
E = the initial release is expected to occur inside the RCB, but outside the DPR.
Y = the operator has successfully isolated containment compressed air systems and
stripped unnecessary electrical loads with in the RCB to minimize containment
pressurization.
A = the containment is isolated (all containment isolation valves are closed), the SCS is
available, and the SAVS is.available.
4.4.3 Plant Damage States for Scenarios involving Fuel Transport, Movement of
Heavy Objects, or the Storage of Irradiated Fuel inside the RCB
The third PDS matrix, shown in Figure 4.4-3, is applicable to scenarios involving fuel transport
and the movement of heavy objects inside the RCB. This matrix is applicable to selected
initiators in POS-1 through POS-5 and POS-7. The following PDS parameters have been
identified to characterize the plant model sequences assigned to the second PDS matrix:
•

Initiator type (loss of cooling, mechanical drop of a flask containing irradiated fuel, or
mechanical drop of other heavy loads).

•

Source of radioactive material (irradiated elements in a flask or irradiated elements in
storage).

•

Location of stored fuel (in the RAT, or in the No. 1 Storage Block).

•

Operator isolates RCB compressed air systems and strips unnecessary RCB electrical
loads to mitigate RCB pressure rise (yes or no).

•

RCB isolated (all RCB penetrations isolated by valves, one or more penetrations isolated
by water seals only, at least one penetration not isolated, or the RCB bypassed).

•

Space conditioning system (SCS) available (yes or no)?

•

Standby active ventilation system (SAVS) available (yes or no)?

The following sections discuss the reasons for selecting the above PDS parameters and their
attributes.
4.4.3.1 Initiator Type
Three types of initiators are addressed by the PDS matrix shown in Figure 4.4-3. The first type
considers the loss of cooling to a flask transporting irradiated elements. The second type of
initiator considered is the dropping of a flask or the mechanical damage to the flask. The third
type of initiator concerns the dropping of a heavy object other than a flask containing irradiated
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fuel elements. The latter two types of events could lead to mechanical damage of the stored fuel
impacted by the drop or lead to potential criticality events as a result of the drop.
The parameters that differentiate initiator type in the PDS matrix are:
•

Loss of cooling to irradiated elements in a FE or ST flask (designated by the letters IC).

•

Mechanical drop of a FE or ST flask containing irradiated fuel (designated by the
letters IF).

•

Mechanical drop of a heavy object other than a flask (designated by the letters IM) onto
stored fuel located within the RCB.

4.4.3.2 Source of Radioactive Material
This designator differentiates between the two types of hazards of interest: the irradiated fuel
elements inside a flask, and the irradiated fuel elements in the RAT or the No. 1 Storage Block.
Depending on the specific operation represented in the scenario, a flask can contain one
irradiated fuel element (in the case of the fuel element load/unload flask) up to a maximum of
four irradiated fuel elements (as is the case of the shear and transport flask).
If a flask containing irradiated fuel elements is dropped, the radioactive source identified is the
greater of that contained within the flask dropped or the storage location impacted by the flask.
The hazard type designators utilized in the PDS matrix are:
•

Irradiated fuel elements within a flask — one to four elements (designated with the
letter F).

•

Irradiated fuel elements in storage — more than four elements (designated with the
letter S).

4.4.3.3 Stored Fuel
For scenarios involving the dropping of a flask or other heavy object onto an irradiated fuel
storage location, the distinction is made between fuel in the RAT (designated by the letter R) and
fuel in the No. 1 Storage Block (designated by the letter S).
4.4.3.4 Isolation of Containment Compressed Air Systems and Electrical Load
Stripping
This parameter is described above in Section 4.4.1.5.
4.4.3.5 Containment Isolation
This parameter is described above in Section 4.4.1.6.
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4.4.3.6 Availability of the Space Conditioning System
This parameter is described above in Section 4.4.1.7.
4.4.3.7 Availability of the Standby Active Ventilation System
This parameter is described above in Section 4.4.1.8.

4.4.3.8 Plant Damage State Identifiers
Referring to Figure 4.4-3, each PDS has an unique six letter identifier (the three letters associated
with containment isolation, SCS availability, and SAVS availability are condensed into one
letter). For example, plant damage state IFSRYE represents the following conditions:
IF

= the accident scenario involves the dropping of a flask.

S

= the flask falls on stored fuel.

R

= the impacted stored fuel is in the RAT; i.e., the flask was dropped on the top plate.

Y

= the operator has successfully isolated containment compressed air systems and
stripped unnecessary electrical loads with in the RCB to minimize containment
pressurization. Since the parameter in this location was a "Y" or "N," it is implied
that the scenario has occurred in the RCB.

E

= At least one penetration of the containment is isolated by the water seals only, the
SCS is available, and SAVS is available.

4.4.4 Plant Damage States for Scenarios involving Fuel Transport, Movement of
Heavy Objects, or the Storage of Irradiated Fuel outside the RCB
The fourth PDS matrix, shown in Figure 4.4-4, is applicable to scenarios involving fuel transport
and the movement of heavy objects outside the RCB. This matrix is applicable for initiators for
POS-8 through POS-13. The matrix is also applicable to scenarios involving the storage of
irradiated fuel outside the RCB. The following PDS parameters have been identified to
characterize the plant model sequences assigned to the fourth PDS matrix:
•

Initiator type (loss of cooling, mechanical drop of a flask, or mechanical drop of other
heavy loads).

•

Source of radioactive material (irradiated elements in a flask or irradiated elements in
storage).

•

Location of stored fuel (Building 23, Building 27, or Building 41).

The following sections discuss the reasons for selecting the above PDS parameters and their
attributes.
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4.4.4.1 Initiator Type
Three types of initiators are addressed by the PDS matrix shown in Figure 4.4-4. The first type
considers the loss of cooling to a flask transporting irradiated elements. The second type of
initiator considered is the dropping of a flask containing irradiated fuel elements or the
mechanical damage to the flask. The third type of initiator concerns the dropping of a heavy
object other than a flask containing irradiated fuel elements. The latter two types of initiators
could lead to mechanical damage of the fuel elements or lead to potential criticality events.
The parameters that differentiate initiator type in the PDS matrix are:
•

Loss of cooling of the irradiated fuel in a flask (designated by the letters OC).

•

Mechanical drop of a flask containing irradiated fuel, or the dropping of an irradiated fuel
element down a dry storage hole (designated by the letters OF).

•

Mechanical drop of a heavy object other than a flask containing irradiated fuel
(designated by the letters OM).

4.4.4.2 Source of Radioactive Material
This designator differentiates between the four types of hazards of interest: the irradiated fuel
elements inside a ST or general purpose flask; the irradiated fuel elements in a Dounreay flask;
the irradiated fuel elements in an LHRL-120 shipping container; and the irradiated fuel elements
stored in Buildings 23,27, and 41.
The hazard type designators utilized in the PDS matrix are:
•

Irradiated fuel elements within a ST or general purpose flask — one to four elements
(designated with the letter F).

•

Irradiated fuel elements within a Dounreay flask — up to 25 elements (designated with
the letter D).

•

Irradiated fuel elements within an LHRL-120 shipping container — up to 120 elements
(designated with the letter L).

•

Irradiated fuel elements in storage — more than four irradiated fuel elements (designated
with the letter S).

4.4.4.3 Stored Fuel
For scenarios involving the dropping of a ST or general purpose, as appropriate, flask or other
heavy object onto irradiated fuel, the distinction is made between fuel stored in Building 23, 27
and 41. The storage locations are represented by the designators B23, B27 and B41,
respectively.
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4.4.4.4 Plant Damage State Identifiers
Referring to Figure 4.4-4, each PDS has an unique four to six letter identifier. For example,
plant damage state OFSB23 represents the following conditions:
OF = the accident scenario involves the dropping ofaST or general purpose flask.
S

= the flask falls on stored fuel.

B23 = the impacted stored fuel is in one of the Building 23 ponds.
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4.5 Initiating Events
4.5.1 Overview
The results of the HIFAR PSA are based on quantitative analysis of event sequences that begin
with an initiating event that disrupts stable conditions in the reactor, the No. 1 Storage Block, or
any other place in which fuel is stored, handled, or transported. Such events may require a
mitigating response by the plant, and possibly also the operators, to restore safe conditions.
Because these initiating events provide the potential for the development of undesired
conditions, it is important that a complete set of events be identified.
There can be a large number of specific initiating events, starting from unique initial conditions.
To contain the scope of the analysis and to ensure clarity in the presentation, initiating events are
grouped into a discrete number of distinct categories. The events can be categorized because the
response of the plant or the operators will be the same or very similar for several initiating
events. In turn, the response to a particular initiating event is represented (or bounded) by the
response defined for the respective initiating event category. The frequency of occurrence for a
particular category of initiators is the sum of the frequencies of its constituent initiating events.
It is important to the results of the PSA, as well as to its future use as a risk management tool and
feedback device, that the categories be defined in sufficient detail (i.e., not too broadly) that the
conservative binning of certain initiators does not bias or obscure the analysis results.
The specified scope of the PSA has an obvious influence on the selection of initiating event
categories. In the present HIFAR study, focus is placed on both "internal" and "external" events.
Internal events are those phenomena (such as a scram or a pipe break) that have their origin
within the plant systems. External events can be initiated by natural phenomena (such as seismic
activity, high winds or tornadoes, or external floods) or by internal hazards (such as fires or
floods originating within plant systems). Internal hazards, due to the spatial dependencies they
trigger, can simultaneously affect normally separated and redundant components. Therefore,
they are usually given separate treatment as external events.
Section 5 contains a description of the response of the plant to each internal initiating event.
External events are considered in Section 6.
4.5.2 Identification of Initiating Event Categories
The design and operation of HIFAR dictates a unique set of conditions for the identification of
initiating event categories. Engineering and PSA experience, as well as analyses, were used in
the identification. The process has been iterative; as the PSA team developed a deeper
understanding of the response of the HIFAR to particular conditions, refinements were made to
the event categories.
Significant incidents (References 4.5-1 and 4.5-2) that have occurred at nuclear facilities were
reviewed to ensure that the PSA would appropriately represent the experience of research and
other types of reactors that are relevant to the HIFAR design. Table 4.5-1 provides a summary of
such events at other test reactor sites for a period up to 1979.
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Additional sources of information used in the initiating event identification process included:
•
•
•
•
•
•
•

Review of initiating events considered at other nonpower reactor sites.
Review of approximately 35 years of operational experience at HIFAR.
Review of HIFAR accident analyses.
Review of the HSD, Section 7.
Review of HIFAR design and procedures.
Interaction with HIFAR design and operation experts.
Review of events represented in power reactor PSAs.

Section 7 of the HSD identifies potential failures or occurrences that could initiate a scenario of
interest and considers and analyses credible accidents that could result in a major radiological
hazard. All postulated events considered in Section 7 of the HSD were carefully reviewed. A
summary of these events is provided in Table 4.5-2. Comments are included to indicate how
each of the HSD Section 7 events are included in the PSA.
The experience of the last 35 years of HIFAR operation was carefully reviewed, as were accident
analyses that were specific to HIFAR (References 4.5-3 through 4.5-8). Reasonably good
quality data were available only for the period after 1980 and therefore, the 15.5 years after 1980
were used to define plant-specific initiating events frequencies. The data before this period
cannot be considered complete. Table 4.5-3 summarizes the study team's observations from a
review of more than 400 HIFAR abnormal occurrence reports (AOR) between 1981 and the first
half of 1996. The AORs detail incidents involving the HIFAR reactor that have occurred in past
years. The accompanying AOR numbers can be used to find further details of the incidents
(using Reference 4.5-7). The events reported are categorized into groups according to the
resulting transient. The name of the initiating event group as considered in the PSA is also
presented in the table under the column "Initiator".
Table 4.5-4 reflects the results of a similar review by ANSTO documented in Reference 4.5-3.
Since there is some overlap in the periods of HIFAR operation reviewed, only the additional
events of interest identified in Reference 4.5-3 are identified in the table.
Not included in the two tables are the manually initiated automatic trips of the reactor. Each of
the programs at HIFAR ends with such a reactor trip (13 programs per year). These trips have
been considered in the determination of the frequency of reactor trips and initiating events in
Section 8. Nine of the thirteen trips are achieved through simulating trip conditions of the
pressure, temperature or level parameters. The other four trips are achieved by tripping the D2O
pumps.
In addition, summaries of unusual occurrence reports (Reference 4.5-9) at U.S. Department of
Energy facilities (for the approximate period of January 1981 through August 1989) were
reviewed after the HIFAR event categories were initially selected. That review suggested that no
additional event categories were necessary to address events that have been observed at other
facilities that are applicable to the HIFAR design.
The design and procedures review included the construction of a matrix, which indicates how the
failure of one system influences other HIFAR systems. This dependency matrix illustrates the
functional dependencies between support and frontline systems. It is presented in Section 7.1
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and is used here to identify initiating events caused by potential cascading effects that could
begin with the failure of a particular support system.
The support systems identified by the dependency matrix were studied for their impacts on the
normal operation of the reactor. If the loss or degradation of a system causes an automatic
reactor trip or creates a demand for a manual reactor trip, the system was then included as a
potential for an initiator. Similarly, frontline systems which are normally operating and are
required for reactivity control, heavy water circuit integrity or for cooling of the primary or
secondary cooling circuits are also potential system initiators and were also similarly examined.
Considerable discussion has been carried out for the identification of initiating event categories
with key HIFAR technical personnel who were involved in the original design of the facility and
those who have operated the reactor for virtually its entire lifetime. Their input has proven to be
invaluable.
A great deal of effort (for example, Reference 4.5-10) has been expended in the assessment of
operational experience and identification of initiating event categories for use in power reactor
PSAs. Although this effort, in general, is not directly relevant to an assessment of HIFAR, it
does provide an exhaustive catalog of candidate phenomena for consideration. The study team
used its experience with power reactors as an additional input to the selection of initiating events
for HIFAR.

4.5.2.1 Master Logic Diagram
One device through which the process of identifying the categories of initiating events is clearly
displayed is the master logic diagram. On the surface, a master logic diagram appears to
resemble a fault tree in that as one moves "downward" through the diagram, the "degree of
specificity" increases. The fault tree analogy, however, soon breaks down. The master logic
diagram's objective is to identify events that may in some circumstances lead to the top event,
rather than to identify all the ways in which the top event may occur.
The purpose of a master logic diagram is to present the logical process of identifying the
mechanisms that could lead to a central event. In this case, this central event is "damage to the
fuel elements." The master logic diagram then proceeds to specify, using "only i f logic, how
this central event can be achieved.
Before the master logic diagram is developed, it must be noted that the HIFAR reactor has three
operating modes, as follows:
•

Mode 1. Startup and normal full-power mode with a maximum nominal power level of
10 MW.

•

Mode 2. Low power operating mode with a maximum nominal power level of 10 kW.

•

Mode 3. Shutdown mode with a decay heat level from 70 kW to 22 kW during which
planned maintenance activities occur and fuel replacement takes place.
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These modes have been further divided into five plant operating states as described in
Section 4.3. In addition, the movement of the fuel over the site is also tracked for possible
damage in locations other than the reactor. These activities, including the major shutdown, result
in an additional 8 plant operating states to give a total of 13 separate conditions for which
initiating events must be defined.
The master logic diagram for conceptualizing the HIFAR PSA initiating events is shown in
Figure 4.5-1.
At each level, the objective is to make the master logic diagram as complete as possible. The
logic is developed or "unfolded" to as low a level of detail as possible while still retaining
completeness. In practice, at the lowest levels of the diagrams, completeness can never be
positively assured. However, by considering initiating events representative of events in each
category at the lowest level, and including the results from the other experience reviews
performed, some measure of completeness can be claimed. The master logic diagram further
serves to organize the analyst's thinking when identifying initiating events. It is in this context
that the master logic diagram is used in the next section.
In Figure 4.5-1, the master logic diagram distinguishes four groups of activities of the fuel cycle:
storage, reactor operation, fuel handling, and vehicle transport. These groups of activities are
shown on the second level of the diagram. In this study, fuel element storage is considered in the
following locations: Building 17 nuclear materials vault, No. 1 Storage Block, Building 23
ponds, Building 27 dry holes, Building 41 pond, and the Dounreay flasks in Building 59.
Handling refers to the loading and unloading of fuel into flasks and the craning of the flasks onto
and off of vehicles and from one storage location to the next. Transport of fuel from one storage
location to another in a loaded flask by a motor vehicle is termed vehicle transport. Transport of
the shipping cask offsite by motor vehicle and eventual shipment overseas is not assessed in this
study.
The next step in the process is to identify the ways in which the three principle ways of
damaging the fuel may occur, in each of the four defined categories of the fuel cycle. The
defined causes then form the basis for the identification of initiating events. Damage to the fuel
elements can occur in each of the four groups of activities if there is an increase in heat
generation, a decrease in heat removal effectiveness occurs, or there is physical damage to the
fuel elements. Each of these three mechanisms is considered in the master logic diagram, under
each of the four groups of activities.
The master logic diagram is extended down to one lower level of logic for two groups in which
the fuel is contained in the HIFAR reactor core; i.e., for increases in heat generation and for
degradation in heat removal. There are several specific ways that an increase in heat generation
might occur when the fuel is in the reactor. Four general reasons are identified in the master
logic diagram.
Degraded heat removal leading to fuel damage while in the reactor is also identified in the master
logic diagram. While the fuel is in the reactor, degraded heat removal may occur from a
degradation of heavy water flow, a loss of heavy water inventory, or by a degradation of light
water cooling. At still a lower level, not shown in the figure, there are more specific causes that
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may lead to the lower events. For example, coolant flow blockage in the reactor is one cause of
degrading heavy water flow through the fuel.
The master logic diagram development is stopped at a general level that identifies failure of a
function. The detailed causes for the failure of the functions is examined separately. For this
assessment, the master logic diagram was used as a tool to examine the initiators in each plant
operating state (POS). Table 4.5-5 presents a list of initiating events obtained by identifying
specific events for each POS that could be influenced by the activities and the states of
mitigating systems assumed for each POS. The table identifies, for each POS, the boundary
conditions, and the activities considered to take place in each POS. The boundary conditions and
the activities were then examined using the causes identified in the master logic diagram to
identify initiating events that may be of interest in each POS.
Damage to the fuel elements can occur if there is an increase in heat generation, a decrease in
heat removal effectiveness occurs, or there is physical damage to the fuel elements. Each of
these three mechanisms is considered in the master logic diagram. Each of these mechanisms
can occur in different phases of the fuel cycle at HIFAR. The master logic diagram distinguishes
four phases of the fuel cycle; storage, reactor operation, fuel handling, and fuel vehicle transport.
In this categorization, storage is in the following locations; No. 1. Storage Block, Building 23
ponds, Building 27 dry holes, Building 41 pond, and the Dounreay flasks in Building 59.
Handling refers to the loading and unloading of fuel into flasks and the craning of the flasks from
one storage location to the next. Transport of fuel from one storage location to another in a
loaded flask by a motor vehicle is termed vehicle transport. Transport of the shipping cask
offsite by motor vehicle is not assessed in this study.
The next step in the process is to identify the ways in which the three principle ways of
damaging the fuel may occur, in each of the four defined categories of the fuel cycle. The
defined causes then form the basis for the identification of initiating events. In Figure 4.5-1, the
master logic diagram is extended down to one lower level of logic for the category in which the
fuel is contained in the HIFAR reactor core.
There are several specific ways that an increase in heat generation might occur when the fuel is
in the reactor. Four general reasons are identified in the master logic diagram. One specific
cause, "heavy water temperature decrease," can further be decomposed into three general causes:
increased cooling from the heavy water circuit, increased cooling from the light water circuit, or
by the inadvertent injection of cold heavy water into the primary loop.
Degraded heat removal leading to fuel damage while in the reactor is also identified in the master
logic diagram. While the fuel is in the reactor, degraded heat removal may occur from a
degradation of heavy water flow, a loss of heavy water inventory, or by a degradation of light
water cooling. At still a lower level, not shown in the figure, there are more specific causes that
may lead to the lower events. For example, coolant flow blockage in the reactor is one cause of
degrading heavy water flow through the fuel.
The master logic diagram development is stopped at a general level that identifies failure of a
function. The detailed causes for the failure of the functions is examined separately. Hardware
failures are examined using plant P&IDs and support system failure initiated events are
examined through the dependency matrix. For this assessment, the master logic diagram was
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used as a tool to examine the initiators in each plant operating state (POS). Table 4.5-5 presents
a list of initiating events obtained by identifying specific events for each POS that could be
influenced by the activities and the states of mitigating systems assumed for each POS. The
table identifies the system states and activities considered as taking place in each POS. Each
item is then examined using the causes identified in the master logic diagram to identify
initiating events that may be of interest.
4.5.2.2 Selected Internal Event Initiating Events
Four tables summarize the internal initiating events selected for each plant operating state for
evaluation in the HIFAR PSA. For convenience, the titles of the plant operating states are also
provided.
Table 4.5-6 presents the selected transient events. These include relatively simple reactor trips,
reactivity insertions, and initiating events that degrade heat removal from the reactor fuel. This
category of events only affects the fuel while it is in the reactor. Therefore, these events are of
interest to plant operating states POS-1 through POS-5. None of these events is applicable to
plant operating states POS-6 through POS-13. The frequencies of the transient events are derived
in Section 8.0.
A systematic review of the heavy water circuit for potential leak paths from the reactor
aluminium tank (RAT) was performed by ANSTO as part of the HIFAR safety analysis. These
same leak path categories are also identified in HIFAR reports on the ECCS used for operator
training. PLG performed an independent assessment of this categorization. The review included
a systematic examination of all heavy water piping that penetrates the RAT boundary. These
paths were identified by review of the heavy water circuit drawing. PLG was able to repeat the
conclusions for the number and size of the piping in each leak category performed by ANSTO,
including those that might lead to RAT levels below the top of the downcomers.
Table 4.5-7 presents the selected events involving leaks of heavy water from the RAT. These
include leaks to the heavy water plant room and leaks directed away from the heavy water plant
room. Again this category of events only affects the fuel while it is in the reactor. Therefore,
these events are of interest to plant operating states POS-1 through POS-5. None of these events
is applicable to plant operating states POS-6 through POS-13. More detailed description of such
events and the quantification are in Section 5.2 and Appendix F.
Table 4.5-8 presents the selected support system faults. Support systems faults involve failures
of HIFAR systems that perform a supporting role to other systems. The list of support system
faults considered is the same list that appears in the support-to-support and support-to-frontline
dependency tables in Section 7.1. These events also primarily affect plant operating states
POS-1 through POS-5. However, POS-7 involving the No. 1 Storage Block is also impacted by
the failures of selected support systems. Initiating events caused by support systems faults are
quantified in Section 7.2 and Appendix C.
Table 4.5-9 presents the selected events for fuel handling, storage, and transport. These events
are of interest for plant operating states POS-6 through POS-13. None of these events apply
while in the fuel is in the reactor; i.e., POS-1 through POS-5. A more detailed discussion about
handling and storage accidents is in Section 5.5.
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4.5.3 External Event Categories
External events can be initiated by internal hazards or by phenomena that are external to the
plant. The identification of external event categories requires careful plant-specific
consideration. Part of this consideration involves identifying the requirements that are imposed
on the plant response model once the phenomena of interest have been identified.
The identification of internal hazards is accomplished through a structured process known as
spatial interaction analysis. Such an analysis for HIFAR is described in Section 6. The spatial
interactions analysis identifies specific scenarios induced by fires, internal floods, or other
internal hazards. Finally, scenarios evolving out of like hazards with similar impact on the plant
are grouped together.
The process of identifying external phenomena to be analyzed is described in Reference 4.5-11.
That process involves comparing the site of interest with a virtually exhaustive catalog of
potential external hazards. This is described in greater detail in Section 6. Scenarios induced by
some of these external hazards are also discussed further in Section 6, together with more
detailed analysis of their frequencies and their impacts on HIFAR.
4.5.4 Sabotage
The HIFAR PSA does not include a quantitative consideration of scenarios initiated by sabotage.
It is generally accepted that the current state of the art of PSA does not adequately address
sabotage. Other related methods, such as Anticipatory Failure Determination (Reference 4.5-12),
have been successfully used to identify potential sabotage scenarios; however, the estimation of
the frequency of such scenarios remains an elusive task. As presented in Section 3, the
estimation of scenario frequency is a key element in the formal determination of the risk of a
facility.
If one were to consider sabotage, one should consider what scenarios are possible to be initiated
by internal plant personnel, as well as external personnel; i.e., non-HIFAR personnel. As is the
case for most industrial facilities, it would be virtually impossible to prevent damage to the
facility caused by determined personnel who have ready and intimate access. The
professionalism of personnel selected to work at a facility is the best deterrent for such scenarios.
Administrative and security controls provide additional protection.
The structured process of identifying scenarios in a PSA does allow insights to be gained as to
what types of damage to the facility would challenge plant safety. For example, the High Flux
Isotope Reactor at Oak Ridge National Laboratory is located several meters beneath the surface
of a large pool of water. During refueling, the vessel cover is removed such that the reactor
water can freely interchange with the pool water. The probabilistic risk assessment for that
facility identified the possibility that debris from the pool could enter the primary system and
remain undetected, ultimately resulting in fuel damage. At the time of the study, the pool area of
the facility was a popular stop on a standard tour of the laboratory by outside groups. The
assessment, while not part of a formal sabotage evaluation, was instrumental in changing
administrative procedures that limited access to the pool, since even the unintentional
introduction of material to the pool would be of concern.
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No such analogous scenarios were uncovered by the HIFAR PSA team. The further
identification and evaluation of sabotage vulnerabilities at HIFAR would require access to
detailed security policies and practices. Such information was not available to the PSA team.
Even if it had been available, the resulting vulnerability scenarios would not be suitable for
inclusion in a quantitative risk assessment, since the scenario frequencies would remain
unknown.
The HIFAR PSA, therefore, does not include a quantitative consideration of sabotage. This
exclusion in no way invalidates the comparison of the results of the PSA with the safety
objectives presented in Section 10.1. The underlying analyses on which the comparative criteria
are based also did not consider sabotage as a risk scenario initiator.
4.5.5 Frequency of Initiating Events
The frequencies of the individual initiating events are described quantitatively within the
sections in which their analyses are presented. The frequencies of the transients involving fuel in
the RAT, for example, are presented in Table 8-8 following the discussion of the combining of
plant experience and generic data to arrive at HIFAR-specific frequency distributions. The
frequencies are also summarized in Table 5.4-1.
Table 8-8 also reports the frequency of core flow blockage events that have the potential to result
in fuel damage. Such events are discussed in Section 8.7.
The frequencies of transients initiated by the degradation or failure of support systems are
summarized in Table 5.4-1.
Leak frequencies are presented in Table F-12 following their derivation in Appendix F. These
same frequencies are also summarized in Table 5.4-1.
Frequencies of initiators associated with fuel movement mishaps or the dropping of heavy
objects are presented in Section 5.5. Section 5.5 also presents the frequencies of initiators
associated with loss of cooling to fuel in the No. 1 Storage Block.
Frequencies of initiators associated with internal plant fires and floods are summarized in
Tables 6.1-7 and 6.1-4, respectively. Initiator frequencies associated with external plant hazards
(such as earthquakes, high winds, bush fires, aircraft crashes, and the nearby transport of
hazardous material) are presented in Section 6.2.
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Table 4.5-1 (Page 1 of 4). Summary of Events Having Occurred at Other Reactors

55

Reactor

Type

Date

Description of Event

LASL

Water boiler type
(12-inch
diameter-sphere).

12/49

NRX, Chalk
River Canada

2.30 MW(th),
H20-cooled,
D20-moderated,
natural uranium
rods.

12/52

BORAX,
NRTS, Idaho

H20 reflector,
swimming pool
excursion reactor
using 93%
enriched U235 in
U-Al plates.
H20 cooled.

07/54

Reactor was being remodeled for operation
at higher power; control rods were being
added to core. An operator manually tested
the removal of the control rods while all
instrumentation was unavailable. The
reactor went critical.
During low power tests, an operator
mistakenly opened bypass valves on the
shutoff-rod air system. A supervisor
noticed the error and went to rectify it. The
supervisor then made an error by instructing
an assistant operator to push the wrong
buttons in the control room. Instead of
shutting down, the reactor went critical.
Reactor was designed for studies of
transient behavior, an intentional
self-destructive test was conducted. The
reactor reached criticality earlier than
planned; the destructive forces were severe
enough to damage fuel.
Two of the limited number of low-level
startup chambers were positioned close
together; this resulted in a number of fuel
element failures that continued until the fuel
was discharged.

I

o

Hanford
Production
Reactor;
Hanford,
Washington

10/54

c

Fuel
Damage
No

Comment

Reference

Inadvertent
withdrawal of
CCAs considered.

4.5-2

Yes

Not applicable to
HIFAR.

4.5-1

Yes

Not applicable to
HIFAR.

4.5-2

No (fuel
elements
were
damaged)

Not relevant to
HIFAR.

4.5-2
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on

1
in

Reactor

Type

Date

EBR-l.NRTS,
Idaho

1.4MW(th);
0.2MW(e) NaK cooled fast
reactor; 0.5 inch U235 rods;
Mark-II.

11/55

Windscale
No. 1 Pile,
England

Air-cooled,
graphite
moderated
plutonium
production using
natural uranium
fuel slugs.
Air-cooled,
hydrized
zirconium
moderated,
enriched uranium
fuel.

10/57

4^.
i

HTRE-3,
NRTS, Idaho

SRE (Sodium
Reactor
Experiment);
Santa Susanna,
California

11/58

20 MW(th),
07/59
Na-cooled;
graphite
monitored with
2.8% U238 slugs in
SS - Ad rods.

Description of Event

Fuel
Damage

During an experiment in which the reactor
Yes
was to be brought above critical, a
technician accidentally tried to reduce the
reaction rate by actuating a "slow rod
control" system instead of the "fast rod
control" system. There was damage to 40%
to 50% of core.
During the attempt for a Wigner heat
Yes
release from the reactor pile, poor
instrumentation made it difficult for
operators to determine uranium
temperatures. Temperatures rose too
quickly. Result: complete core
damage-total pile lost, reactor not rebuilt.
During a high temperature reactor core test, Yes
automatic instrumentation failed. A linear
flux recorder provided incorrect readings to
a servomechanism, which, in turn, pulled
out control rods causing power to increase
at too fast a rate. In 20 seconds, extensive
core damage done.
An organic material, tetralin, used as an
Yes
auxiliary coolant to seal circulation pumps,
leaked into the primary coolant system and
blocked coolant pathways. Fuel assemblies
were not cooled due to decomposed tetralin
coating fuel cells and blocking coolant
pathways.

Comment

Reference

HIFAR PSA
considers such
events.

4.5-1

Not applicable to
HIFAR.

4.5-2

HIFAR PSA
considers such
events.

4.5-1

Core flow
blockage scenario
addressed in PSA.

4.5-1
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3
7>

i—»

Reactor

Type

Date

WTR
(Westinghouse
Testing
Reactor) Waltz
Mills,
Pennsylvania
SL-1
(Stationary Low
Power Plant 1)
NRTS, Idaho

60 MW(th)
04/60
H20-cooled:ef.
and moderated,
93% enriched U238
U-Al
plates-cylinder.
3 MW(th), natural 01/61
circulation BWR.

NRU, Chalk
River, Canada

20 MW
D20-cooled,
D20-moderated,
natural uranium,
Al-clod.
PWR designed
for transient
power tests.

05/58

1.5MW(e)PWR
with single
primary loop.

10/62

SPERT-3
(Special Power
Excursion
Reactor Test)
NRTS, Idaho
PM - 3A (Portable Medium
Power Plant
3A); McMurdo
Sound,
Antarctica

10/61

Description of Event

Fuel
Damage

During an increase in power level, boiling
around the fuel rods occurred and a fuel
element melted. It is believed that the fuel
element was faulty.

Yes

Manual withdrawal of center control rod
gave rise to a nuclear transient, which led to
criticality of the reactor and death of three
operators. About 20% of the entire core
showed damage.
When removing a damaged fuel element
from the reactor vessel to the temporary
storage flask, there was insufficient D20
cooling; thus, the fuel element
disintegrated.
Low water level resulted in exposed
pressurizer heaters that subsequently heated
the steam above the water level to
temperatures high enough to crack the
pressure vessel.
Explosions and fire inside of containment
vessel due to ignition of hydrogen gas
pocket. Hydrogen gas accumulated in
reactor containment vessel due to valve seal
leakage on the pressurizer system.

Yes

Comment

Reference

Suspected root
cause
(manufacturing
defect in fuel)
explicitly modeled
inHIFARPSA.
Inadvertent
withdrawal of
CCAs considered.

4.5-1

4.5-1

No (fuel
Potential for
HIFAR addressed
elements
destroyed) in Section 5.5.

4.5-1

No (vessel Not applicable to
cracked)
HIFAR.

4.5-1

Not applicable to
HIFAR.

4.5-1

No

c
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Reactor
ETR, NRTS,
Idaho

MTR, NRTS,
Idaho

i

Type

Date

H20-cooled:ef.
and H20moderated:ef.
93% U235, U-Al
plates.
H20-cooled and
moderated; 93%
U235, U-Al plates.

12/61

11/62

Oak Ridge
Reactor; Oak
Ridge,
Tennessee
PRTR
(Plutonium
Recycle Test
Reactor);
Richland,
Washington

30 MW(th),
cooled and
moderated by
light water.
70 MW(th), D20
cooled and
moderated;
various fuel
sources.

07/63

Lucens
Experimental
Nuclear Power
Station; Vaud,
Switzerland

30 MW(th),
C02-cooled,
D20-moderated.

01/69

09/65

Fuel
Damage
After shutdown, clear plastic "viewing box" Yes (18
left in tank. Sank to top of elements (down plates in 6
flow was blocked). Melting occurred for
elements
six fuel elements in one quadrant where
melted)
there had been inadequate cooling.
Seal gasket on the seal tank floating roof
Yes
broke loose in system and was trapped in
fuel element inlet, coolant flow was
reduced, and local boiling and melting
occurred. The material covered = 40% of
the area of the top of the U-Al plates.
Neoprene gasket slipped off a fixture inside Yes (one
fuel
the reactor tank and blocked cooling water
element
flow to fuel elements.
melted)
PRTR had a special vertical channel in the
No
center of the core to test fuel elements with
failed cladding. During a test, the channel
that contained the light water coolant for the
fuel element being tested ruptured; then the
reactor scrammed due to a low pressure
signal.
A decrease in C02 pressure resulted in fuel
Yes (loss
heat up and one fuel element melting. The
of cooling
moderator tank also ruptured.
pressure)
Description of Event

Comment

Reference

Core flow
blockage
scenarios
addressed in PSA.

4.5-2

Core flow
blockage
scenarios
addressed in PSA.

4.5-2

Core flow
blockage
scenarios
addressed in PSA.
Not applicable to
HIFAR.

4.5-1

Not applicable to
HIFAR.

4.5-1

4.5-1

Table 4.5-2 (Page 1 of 2). Initiating Events Considered in the HIFAR Safety Document
General Category
Reactivity Additions

Detailed Category
Uncontrolled withdrawal
of control arms.
Loss of control arm.
Inadvertent safety rod
movement.
Cold water injection.
Irradiation rig removal.
Irradiation rig ejection.
Irradiation rig
withdrawal.
Voids.
Fuel element failures.
Fuel element addition.

Loss of Coolant

Loss of Coolant Flow

Recriticality and
Reactivity Additions

Loss of D2O above the
tops of the downcomers.
Loss of D2O in fuel
element annulii.
Loss of all D2O from the
RAT.
Loss of secondary
coolant.
Failure of the D2O
pumps.
D2O circuit flow
blockages.
Loss of H2O flow.
Loss of CCA.
Errors in physical loading
and unloading.
Errors in prediction of
reactivity worth of rigs.
Overcooling.

*Refer to Tables 4.5-6 through 4.5-9.
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Remarks*
Considered in Reactivity Insertions
category TMRI
Considered in Reactivity Insertions
category TCCA
Not considered; event of low

frequency.
Considered in Reactivity Insertions
category TMRI
Considered in Reactivity Insertions
category TMRI
Considered in Reactivity Insertions
category TMRI
Considered in Reactivity Insertions
category TMRI
Considered in Reactivity Insertions
category TMRI
Considered in category TMRI
Fuel addition takes place during
refueling only; during this time, the
CCAs are inserted into the core.
See Table 4.5-7.
See Table 4.5-7.
See Table 4.5-7.
Considered in "Light Water System
Pipe Break."
Considered in categories TD1PT,
TD2PT, and TDSPT
Considered in category TFLB
Considered in categories TH1PT,
TH2PT and THSB
Considered in Reactivity Insertions
category TCCA
Considered in Reactivity Insertions
category TMRI
Considered in category Reactivity
Insertions TMRI
Considered in Reactivity Insertions
category TMRI

Table 4.5-2 (Page 2 of 2). Initiating Events Considered in the HIFAR Safety Document
General Category
Fuel Handling

External Events

Detailed Category
Fission product release
from failure of fuel
cladding.
Earthquakes.
Bush fires.
Aircraft accidents.
Artillery missiles.
Sabotage.
Industrial accidents.

Internal Fires
D2-O2 Explosions

*Refer to Tables 4.5-6 through 4.5-9.
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Remarks*
See Table 4.5-9.

Considered in Section 6.
Considered in Section 6.
Considered in Section 6.
Considered in Section 6.
Not in scope of study.
Considered in Section 6.
Considered in Section 6.
No credible mechanism for release of
substantial amount of H2 or D2 into the
coolant and then into the containment
via the He cover gas, or accumulate in
concentrations sufficient to ignite.
Event of extremely low frequency.
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Table 4.5-3 (Page 1 of 7). Review of HIFAR AORs: 1981 to 1996

oo

I.5

I

ON

Reactor Conditions
Reactor already shutdown
(POS-2).

Low power conditions
(POS-3).

Initiator

Events
1. Spurious reactor trip signal.

AOR Number
765, 682

2. Spurious low RAT heavy water level.

752, 548

TDSPT (only one of the two
events generated a L2 signal)

3. Very small leak of heavy water.

755,454

N/A

4. Safety rod drop.

781,748,734,711,677,
586,544,515,468,467

N/A

5. Loss of instrument power.

560, 559

SEIB

6. Coarse control arm drops off magnet.
1. Reactivity increases.

2*461
712,701,680,670,535

N/A
TMRI

2. High RCB radiation.

579 (Reactor Trip on Loss
ofAirtoRigX33)

TIRT

3. Coarse control arms drop off magnet.

2*644,8*641,2*637,
5*633,582, 3*401

TIRT

4. Coarse control arms run in.

460

TIRT

5. Manual reactor trip.

587, 749

TIRT

6. Rig X33 problem.

640

TIRT

7. Rig XI77 problem.

598

TIRT

N/A
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I.3

Reactor Conditions
Events occurring during
fuel replacement, and rig
handling events (POS-4).

I

Events occurring during
startup (POS-5).

Events
8. Other spurious trips.
1. During fuel replacement, FE flask
grab would not release from fuel
element.

Initiator

AOR Number

769,767,681,589,543
673

N/A

2. During power unload, HFE two
sample cages dropped into reactor.

671

N/A

3. During power operation, an irradiated
fuel element was mistakenly raised
from the storage block instead of a
ragged end.

623

N/A

4. During power operation,
pneumatically transported irradiation
can dropped to basement floor.

606

N/A

5. Three fuel elements exceeded
maximum burnup limits.

522

N/A

6. Fuel element replaced prior to 80-hour
"cooling time."
1. Positive reactivity insertion; coarse
control arms raised.

495

N/A

618,537,386

TMRI

2. Coarse control arms drop off magnets.

3*713,4*683, 676,2*669,
9*649, 3*635, 3*602

TIRT

3. Manual reactor trip.

656,627

TIRT

1

• i'

TIRT

i >
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Reactor Conditions

S

1
At power events leading to
reactor trip or control
reversal (POS-5).

Events
4. Panel 5 faulty.

592

TIRT

5. Excess flux trip channels false signal.

563

TIRT

6. Spurious indication of low number of
light water pump running.

573

TIRT

7. Thermocouples defective.
1. Manual Reactor Trips

539

TIRT

- Unscheduled.

784,773,751,737,686,
675,660,634,629,621,
571,555,546,545,538,
521,505,464,385

TIRT

- Compliance with OL&C: two of
three space conditioners unavailable.

494,488,487,486

TRTSC1

747, 746,744,742, 5*570,
569,549,513,377

TIRT

- Rig X33 problems.

743 (panel fire), 735,642,
638,636,630,620,619

TIRT

-RigXI3 problem.

604

TIRT

I

00

AOR Number

Initiator

2. Spurious Automatic Trips
- False number of light water pumps
operating.
-
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I
s

Reactor Conditions

Events
- Rig X48 problems.

AOR Number
591,590

- Rig XI66 problems.

400, 399, 398, 397, 396,
389

TIRT

- False coarse control arm
misalignment.

726

TIRT

- Thermocouple or central fuel
element problem.

693,632, 380

TIRT

- Safety rod drop.

658,657

TIRT

- Unknown.

688,498

TIRT

- False undervoltage.

625

TIRT

- Faulty reactor period meter.

584

TIRT

- Startup of third heavy water
pump(now must always shutdown
reactor).

2*616,612,608,607

N/A

- Low flow to tower indication.

610,600,585,566,552,
409 (Replaced Londex
Relay Water Flow Sensor
in 1991 with Pressure
Sensor)

TH2PT

vo

Initiator
TIRT
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I

m

Reactor Conditions

Initiator

Events
- Containment isolation system
actuation sealed RCB.

AOR Number
645, 578

- Coarse control arms dropped off
magnet or run in.

653,651,594,458,457,
395,379
.

TIRT

- Heavy water plant room false
indication.

390

TIRT

- Reactivity decrease (not involving
coarse control arms).

671,473,410

TIRT

- Loss of instrumentation or
panel 5/Motor-alternator problems.

775,741,717,716,689,
659,647,622,532,516,
480,2*476,474

TIRT

- During a power load, failure to close
FE flask gate caused high radiation
reactor trip.

391

TIRT

- High RCB radiation reactor trips

623, 588, 583, 523,391

TIRT

a. Small helium leak.

455

N/A

b. Very small heavy water leaked;
i.e., drips.

725,456

N/A

TIRT

Q

to
o

- Non Reactor Trips:
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Reactor Conditions

I
5

Events
3. Excess heat exchanger temperature
rise caused by operator error.

AOR Number
405,387

4. Reactivity increase or mismatch
between coarse control arms and rig
movements.

756,685, 648, 599, 580,
567,481

TMRI

5. Loss of distribution board 117 (loss of
power to Londex relay, light water
shutdown pump 4P8/1).

554

SEIA

6. Loss of offsite power.

727 (2 Hours, 20 Minutes),
557 (<30 minutes), 453
(45 Minutes), 403 (1 Hour
and 9 Minutes)

SLOSP

7. One heavy water pump failed to run.

718,471

TD1PT

8. One light water pump stopped/ or
failed to run.

687, 575, 577, 708, 699
(Fire)

TH1PT

9. False low pond level (light water
pumps stopped).

540, 510 (Slug of Air in
System)

TH2PT

10. Actual low pond level due to
maintenance.

509

TH1PT

L/i

Initiator
TMRI

6
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I

Reactor Conditions

AOR Number

Events
11. Momentary Electric Power Outages:
Insignificant Impacts:

Initiator

-XI66 alarms.

732, 378

N/A

- X33 alarm

690, 684, 3*394

N/A

- Safety rods drop, line supply A

707, 703

N/A

12. Momentary electric power outages:
all light water pumps trip.

731,724,709,697,614,
613,561,525,517,754,
753,729, 704,695, 694,
655 (and Rig X33), 652,
643, 577,407

TH2PT

13. Momentary electric power outages:
all heavy water pumps trip.

774,581,470,469,465,

TD2PT

to
to

450

14. Momentary electric power outages:
one heavy water pump trips.

759

TD2PT

15. Momentary electric power outages:
all heavy water and light water pumps
trip.

733,702,4*700 (Bush
Fires), 696,665, 664, 661,
639,631,478

TDHPT

16. Momentary electric power outages:
unreported impacts.

666,605,601,597,574,
572, 565, 564, 533, 520,
518,514,406,404,388,
384,382,381

TDHPT

Table 4.5-4. Review of HIFAR AORs: 1960 to 1992 (Reference 4.5-3)

i

Category of Events
Reactor events.

3

Events
Small debris in heavy water circuit.

AOR Numbers
219, 321,158,156, Event
dated 9-2-1966

Major shutdown 1991 found pieces of
stainless steel wire mesh.

Fuel/rig handling events.

External events.

Initiator
Flow blockage events
Flow blockage event

Obstruction in drain line caused all four
ECCS channels to read level incorrectly
during shutdown test.

504

Failure of level signal

Heavy water pipe leak to plant room; 1P1/1
discharge pressure gauge.
Loss of cooling flow to storage block due to
air leakage.

287

LOCA

123

N/A

No. 1 Storage Block cooling pump failed.

12139 (MAINP AC)

SBRP

Liner not correctly attached prevented rig
from being drawn into flask all the way.

154

N/A

Fuel element stuck part way in ST flask.
Earthquake on 17 October 1973, measured
•015g.

146
116

N/A

Light aircraft entered restricted air space.

550

Aircraft crash events analysis

Seismic Event

Table 4.5-5 (Page 1 of 5). Potential Initiating Events at HIFAR

I

Plant
State
POS-1

POS-2

Description
First 24 hours
after plant trip.

Maintenance
periods.

System States and Activities
Carried Out in POS
CCAs fully inserted.
Safety rods raised.
All main D2O pumps stopped.
Two of two D2O shutdown pumps
on.
One of four main H 2 0 pumps on.
H2O shutdown pumps off.
Helium to RAT isolated.
Flow from weir terminated and
liquid level system pump off.
ECCS test.
EPS diesel/generator load test.
Unloading and loading of HFEs and
vertical rig servicing.
CCAs fully inserted.
Safety rods raised.
Main D2O pumps stopped.
Two of two D2O shutdown pumps
on.
All main H 2 0 pumps off.
H2O shutdown pumps off.
One heat exchanger aligned to mains
water.
Helium to RAT not isolated.
Liquid level system pump in
operation.
Rig and ECCS diesel generator tests.
Rig XI06 returned to 6V-2.

Function Potentially Affected

—
-~
Degraded heavy water flow.
Degraded light water cooling.

-

Heavy water temperature decrease.

—

Potential Initiating Event

-Failure of one or both pumps to run. Blockage
of heavy water flow.
Failure of main H2O pump to run.
Light water system pipe break.

~
—
--

Physical damage during handling.

Dropping of the rig handling flask onto No. 1
Storage Block, or on the reactor top plate.

—
—
-

~
-

Degraded heavy water flow.

Failure of one or both pumps to run. Blockage
of heavy water flow.

~

-~

Degraded light water cooling.

Loss of mains water.

—

—

Loss of heavy water inventory.

Leak via weir line inside RAT.

-

-

Physical damage during handling.

Dropping of the rig handling flask onto No. 1
Storage Block, or on the reactor plate.

i
1°

5
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Plant
State
POS-3

Description
Low power
operation.

4*.

POS-4

Fuel
replacement.

System States and Activities
Carried Out in POS
Safety rods raised.
All main D2O pumps stopped.
Two of two D2O shutdown pumps
on.
All main H2O pumps off.
H2O shutdown pumps off.
One heat exchanger aligned to
mains.
Helium to RAT isolated.
Flow from weir terminated and
liquid level system pump off.
CCA calibration.

Function Potentially Affected

Potential Initiating Event

--

-

Increased heat generation.
Degraded heavy water flow.

Inadvertent start of pumps.
Failure of one or both pumps. Blockage of
heavy water flow.

~
-

-

Degraded light water cooling.

Loss of mains supply.

~
—
Increased heat generation in core.

Inadvertent CCA withdrawal. Failure of CCA
connecting rod.
Dropping of the vertical rig flask onto the
reactor top plate.
Inadvertent lift of vertical rig. Inadvertent
CCA withdrawal.

Measurement of reactivity worth of
a vertical rig.
CCAs fully inserted.

Physical damage during handling.

Safety rods raised.
All main D2O pumps stopped.

-

—

Loss of heavy water inventory.

Inadvertent startup of one or more pumps
while liner removed.
Failure of one or both pumps. Blockage of
heavy water flow.

Two of two D2O shutdown pumps
on.
All main H2O pumps off.
H2O shutdown pumps off.
One heat exchanger aligned to
mains.
Helium to RAT isolated.
Liquid level system pump off.
' Fuel assemblies replaced/moved.

Increased heat generation in reactor.

Degraded heavy water flow.

--

—

Degraded light water cooling.

Loss of mains water.

~

~

Physical damage during handling.

FE flask drops onto No. 1 Storage Block, or
on reactor top plate. Fuel element stuck part
way into flask or flask door closes on fuel
element.

6
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C/5

I.5

Plant
State

Description

System States and Activities
Carried Out in POS

Function Potentially Affected
Degraded cooling through primary circuit.

POS-5

Startup and
full-power
operation.

Heavy water temperature decrease.

Loss of cooling to fuel element in FE flask.
Delay in moving loaded FE flask. Irradiated
fuel element placed into fresh fuel section of
No. 1 Storage Block.
Premature removal of irradiated fuel element.
Inadvertent or excessive speed of CCA
withdrawal at startup. Excessive flow of H2O
to heat exchanger during startup. Failure of
CCA connecting rod. Rig/CCA mismatch
during power unload/load.
Failure of one or both operating pumps.
Blockage of flow.
Inadvertent startup of main D2O pump.

Two of two D2O shutdown pumps
off.
Three of four main H2O pumps on.

—

—

Degraded light water cooling.

Failure of one or more operating pumps.
Light water system pipe break.

H2O shutdown pumps off.
Helium to RAT not isolated.
Liquid level control system in
operation.
Arrival at HIFAR to Building 17
storage vault.
Inspection.
Transfer to RCB (Building 15).
Fuel element assembly.

—

~

Loss of heavy water inventory.

Leak via weir line inside the RAT.

Physical damage during handling.

Drop during unload.

Physical damage during handling.
Physical damage during transportation.
Physical damage during handling.

Transfer to new assembly section of
No. 1 Storage Block.

Physical damage during handling.

Drop during inspection.
Vehicle accident in route to HIFAR.
Ragged end assembly flask drops damaging
fuel element.
Ragged end assembly flask drops.

CCAs withdrawn.

Two of three main D2O pumps
operating.
4*.

as

POS-6

Fresh fuel
handling and
storage.

Potential Initiating Event

Increased heat generation during handling.
Increased heat generation.

Degraded heavy water flow.

Table 4.5-5 (Page 4 of 5). Potential Initiating Events at HIFAR
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Plant
State
POS-7

Description
Freshly
irradiated
elements in
No. 1 Storage
Block.

System States and Activities
Carried Out in POS
One of two storage block cooling
pumps operating.
Mains cooling to heat exchanger
set 2.
No. 1 Storage Block weekly
flushing.
Transfer of fuel elements to and
from pool in FE flask.

Degraded heat removal while in storage.
Degraded cooling while in storage.

Failure of operating pump. Pipe break in
cooling system.
Loss of mains water.

Degraded cooling while in storage.

Drain down of the storage block inventory.

Physical damage during handling.

Drop of FE flask during handling. Fuel
element stuck part way into flask or inside
flask.
Inadvertent storage of irradiated fuel in dry
cell; i.e., fresh fuel section.
Shear block dropped onto storage block.

Degraded cooling during storage.
POS-8

POS-9

Irradiated fuel
element
shearing and
transfer to ST
flask
ST flask
transfer to
Building 23.

Shear block placed on top of No. 1
Storage Block.
FE flask used to remove fuel
elements from No. 1 storage block.
Handling and transport of the ST
flask to Building 23.

Physical damage while in storage.
Physical damage while in storage.

Physical damage during handling.

Physical damage during transport.
Increased heat removal during handling.

POS-10

Transport from
Building 23
to 27.

Potential Initiating Event

Function Potentially Affected

FE flask drops onto storage block. Fuel
element stuck part way into flask or inside
flask.
Dropping of the ST flask during loading onto
vehicle in Building 15. Dropping of the ST
flask into cropping pond during unloading in
Building 23.
Vehicle accident during transport.
Incorrect selection of fuel elements from No. 1
Storage Block for shearing.

Sawing and transfer of cropped fuel
elements to the y irradiation pond.
Loading of fuel elements into
general purpose flask.

—

--

Physical damage during handling.

Transport in General Purpose Flask
to Building 27

Physical damage during transport

Drop of general purpose flask into cropping
pond. Drop of general purpose flask during
lift on to vehicle.
Vehicle accident in route to Building 27

Increased heat generation during transport

Selection of incorrect fuel element for dry
storage

Table 4.5-5 (Page 5 of 5). Potential Initiating Events at HIFAR
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I

Plant
State

POS-11

POS-12

POS-13

Description

Storage in
Building 59
Dounreay
flasks.

System States and Activities
Carried Out in POS
' Unload fuel elements into dry
storage.
Storage in Building 27.
Storage in Dounreay flasks.
Underwater loading into empty
Dounreay flask.
Return loaded Dounreay flask to
Building 59.

Storage and
Transfer to Building 41 pond.
handling in
Building 41
pond.
Transport to
Loading of fuel elements into
Building 41
general purpose flask.
and loading of
LHRL-120
Transport from Building 23.
spent fuel
Unloading of general purpose flask
shipping cask. : in Building 41 pond.
Transfer fuel to shipping baskets.
Placement of shipping cask in pond.
Loading of shipping baskets into
cask.
Transfer of loaded cask into
LHRL-120 shipping assembly.

Function Potentially Affected

,

Potential Initiating Event

Physical damage during handling.

Drop of general purpose flask during unload
from vehicle or transfer to dry storage hole.
Drop of long-term storage can down dry hole.

~
--

-~

Physical damage during transport.

Drop of flask during lift. Vehicle accident
during transfer. Drop of Dounreay Flask in to
Building 41 pond.
Drop of flask during lift. Vehicle accident
during transfer. Drop of Dounreay flask in to
Building 41 pond.

Physical damage during transport.

Physical damage during handling.

Physical damage during transport.
Physical damage during handling.

Drop of long-term storage can into dry hole.
Drop of general purpose flask during lift to
vehicle.
Vehicle accident during transport.
Drop of flask on floor or into Building 41
pond. Drop of long-term storage can in pond.

Physical damage during handling.
Physical damage during handling.
Physical damage during handling.

--

Physical damage during handling.

Drop of loaded cask on Building 41 floor.

Drop of empty cask onto shipping baskets.
Drop of shipping basket underwater.

Table 4.5-6. Transient Initiating Events

I.5

Initiating Event
Category
Reactor Trips:
- Manual
- Inadvertent
Reactor Trip in Compliance with LCO

Designator

POS-1

POS-2

TIRT

POS-3

POS-4 POS-5
SCRAMs

X

Plant Operating State*
POS-6 POS-7 POS-8 POS-9

X
X

TRTSCI

Reactivity Insertions
Modest Reactivity Insertions,
including:
- Rig Withdrawals
- Excessive Heat Exchanger Cooling
- CCA Withdrawals
CCA Connecting Rod Fails

TMRI

TCCA

X

X

X

X

Degradations in Heat Removal

1st

TH2PT
Qne or More Light Water Main
X
Pumps Trip, including (Recoverable):
- Momentary Losses of LSA, or
Section 1 Substation # 1
- Londex Relay Events
- False Low Pond Levels
:
One or More Main Heavy Water
TD2PT
Pumps Trip, including Momentary
Losses of LSB
All Heavy Water and Secondary
TDHPT
Water Main Pumps Trip; i.e.,
Momentary Losses of LSA and LSB
Both Heavy Water Shutdown Pumps
TDSDPT
X
X
Fail to Run
One or More Light Water Main Pump TH1PT
X
Fails to Run
One or More Heavy Water Pump Fails TD1PT
to Run
TFLB
Flow Blockage
X
X
Light Water System Pipe Break
THSB
X
•An X indicates that this event is applicable for the POS in this column.

X

X
X
X
X
X
X

X

X
X

POS-10

POS-11

POS-12

POS-13

Table 4.5-7. Heavy Water Leaks from Reactor Aluminium Tank

I

Initiating Event
Category
< 0.28 L/sec
0.28 -12.0 L/sec
> 12.0 L/sec, Upstream of
Nonreturn Valves
> 12.0 L/sec, Downstream of
Nonreturn Valves
Drain line, 0.28 - 6.0 L/sec

Designator

Plant Operating State*
POS-3 POS-4 POS-5 POS-6 POS-7 POS-8 POS-9
Leaks to Heavy Water Plant Room

POS-1

POS-2

LDPR1
LDPR2
LDPR3U

X
X
X

X
X
X

X
X
X

X
X
X

X
X
X

LDPR3D

X

X

X

X

X

LDL2

X

X

X

X

X

Other Leak Locations
Leaks Outside Heavy Water Plant
L01
X
X
Room, < 0.28 L/sec
Leaks to Secondary via Heat
LHX
X
X
Exchanger, < 0.7 L/sec
LWE1R
Weir Line Leak inside RAT,
X
X
< 6.0 L/sec
LST1
Leaks to Reactor Steel Tank,
X
X
< 0.28 L/sec
Leaks to Reactor Steel Tank,
LST23
X
X
> 0.28 L/sec
•An X indicates that this event is applicable for the POS in this column.

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

POS-10

POS-11

POS-12

POS-13

Table 4.5-8. Support System Faults for Reactor States

I

Initiating Event
Plant Operating State*
Designator POS-1 POS-2 POS-3 POS-4 POS-5 POS-6 POS-7 POS-8 POS-9 POS-10
. Category
POS-11
SLOSP
Loss of Offsite Power
X ,_ X
X
X
X
Loss of Substation 1
SSUB1
(1)
(1)
(1)
(1)
(1)
SSUB2
Loss of Substation 2
(1)
(1)
(1)
(1)
(1)
SLSA
Loss of Line Supply A
(1)
(1)
(1)
(1)
(1)
SLSB
Loss of Line Supply B
(1)
(1)
(1)
(1)
(1)
Loss of Standby Supply A
SSSA
X
X
X
X
X
X
SSSB
Loss of Standby Supply B
X
X
X
X
X
X
SEIA
Loss of ECCS Instrument Power A
X
X
X
X
X
SEIB
Loss of ECCS Instrument Power B
X
X
X
X
X
SEMA
LossofECCSMCCA
(2)
(2)
(2)
(2)
(2)
SEMB
Loss of ECCS MCCB
(2)
(2)
(2)
(2)
(2)
SPNLN
Loss of Panel N (> 30 Minutes)
X
X
X
X
X
SMAIN
Loss of Mains Water
X
X
X
X
X
X
* An X indicates that this event is applicable for the POS in this column.
(I) Indicates that this event is bounded by a loss of offsite power in both frequency and impact. Loss of offsite power is considered for this plant operating state.
(2) Indicates that this event is bounded by a loss of standby supply which has greater impact. Loss of standby supply is considered for this plant operating state.

POS-12

POS-13

e

Table 4.5-9. Initiators for Handling, Storage, and Transport
Initiating Event
Category

.a

Drop of Ragged End Assembly
Flask
Drop of FE Flask
Drop of ST Flask
Drop of General Purpose Flask
Drop of Long-Term Storage
Container
Drop of Shear Block
Drop of Dounreay flask
Drop of LHRL-120 Shipping Cask
Drop of Shipping Basket

Designator

POS-1

POS-2

POS-3

POS-4 POS-5
Load Drops

Plant Operating State"
POS-6 POS-7 POS-8 POS-9

HREAF

POS-10

POS-11

POS-12

POS-13

X
X

HFEF
HSTF
HGPF
HLTSC

X
X
X
X

HSHBLK

X
X

X

HDF

X

X
X
X

HLHRLC
HSBASK
Operational Events

Draindown of the Storage Block
Inventory
Fuel Element Jammed in Flask
Storage of Irradiated Fuel Element
in Dry Cell
Selection of Wrong Fuel Element
for Shearing
Selection of Wrong Fuel Element
for Dry Storage
Vehicle Accident Onsite

HDDSB

X

HFEJ
HSIFE

X
X

X

X

HWFESH
HWFEST

X
X

VEON

X

Degradation of No. 1 Storage Block Cooling
HSBPT
Storage Block Cooling Pump Fails
to Run
HSBSB
Pipe Break in Cooling System
* An X indicates that this event is applicable for the POS in this column.

X

X

X

X

X
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Figure 4.5-1. Master Logic Diagram for HIFAR

4.6 Safety Functions
Various safety functions are delineated in this section, along with their relationships with the
HIFAR systems that perform these functions. The safety functions required are presented here in
reference to the plant operating states (POS) that are described in Section 4.3. The safety
functions and the HIFAR systems that provide these functions are summarized in Tables 4.6-1
through 4.6-8.
The safety functions are identified with respect to hazards specific to the individual POSs, as
follows:
1. Fuel in the core (POS-1 through POS-5) — see Table 4.6-1.
2. Fuel in No. 1 Storage Block (POS-7) — see Table 4.6-2.
3. Fuel element shearing and transport via FE flask and the ST flask (POS-8) — see
Table 4.6-3.
4. Fuel storage and handling in Building 23 (POS-9) — see Table 4.6-4.
5. Fuel transported from Building 23 to Building 27 and storage in Building 27 (POS-10)
— see Table 4.6-5.
6. Fuel storage in Building 59 Dounreay flask (POS-11) — see Table 4.6-6.
7. Fuel storage and handling in Building 41 pond (POS-12) — see Table 4.6-7.
8. Fuel transported to Building 41 and loading of LHRL-120 spent fuel shipping cask
(POS-13) — see Table 4.6-4.
The higher level safety functions described in the above tables are those functions required to
mitigate the postulated accidents. The lower level safety functions (when identified) are the next
tier of safety functions that are required for the success of the higher level safety functions.
Refer to Section 4.3 for a description of the POSs as referenced in this section.

4.6.1 Fuel in the Core (POS-1 through POS-5)
Reactor Subcriticality: Under accident conditions in these states, one of the first safety
functions required is to make or maintain the reactor in a subcritical condition. This is
accomplished by using the coarse control arms.
It is likely that the safety rods could provide effective reactivity control in the early stages of the
plant response for selected transients. The HIFAR PSA team is unaware, however, of any
analyses that indicate the time frame for which the safety rods alone would be effective. It is
possible that cooling of the primary circuit could negate the very modest reactivity control
potential of the safety rods, necessitating (perhaps quick) recovery of the CCAs. Given the lack
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of definitive analyses, the team believes that it is prudent to adopt an admittedly conservative
approach.
Core Heat Removal: Heat must be removed from the core at a rate that ensures continued fuel
integrity. This is achieved by the lower level safety functions primary system flow and mixing,
and secondary heat removal. To achieve the system flow and mixing, HIFAR uses main D2O
pumps, shutdown D2O pumps, ECCS scavenger pumps, and the RAT flooding system (mains).
Further, to achieve secondary heat removal, HIFAR utilizes the H2O system main pumps, H2O
system shutdown pumps, and mains water system.
Reactor Coolant System Integrity: Reactor coolant boundary must be intact for the core heat
removal to be effective. To achieve this, the system boundary must be maintained, overpressure
protection provided, and minor primary system coolant loss replenished; these functions are
achieved, respectively, using the D2O coolant loop, pressure relief system, and the liquid level
system.
Containment Cooling: In the event that heat is transferred from the reactor core to the
containment, the containment integrity must be maintained by using an effective containment
heat removal system. Containment heat removal will not influence the likelihood of fuel
damage; however, the availability of containment heat removal will influence the plant damage
state assignment of a specific scenario. This is accomplished by using the space conditioners.
Further, the containment itself functions as a passive heat sink.
Containment Fission Product Removal: When the fuel integrity is breached and the fission
products are released to the containment, means of removing the fission product must be
considered. This function is accomplished using the space conditioners and the standby active
ventilation system. Further, the containment itself provides a means for the fission product
removal through passive deposition.
Containment Isolation: Given a demand, the containment must be isolated to preserve the
integrity of the reactor, and to protect the environment. This is done using the containment
isolation system.

4.6.2 Fresh Fuel Handling and Storage (POS-6)
Maintain Subcriticality: Administrative control assures that fresh fuel is maintained in
subscribed configurations.
Movement of heavy objects near the No. 1 Storage Block is considered in POS-8.

4.6.3 Fuel in No. 1 Storage Block (POS-7)
Maintain Subcriticality: The radioactive and fissile assemblies in the No. 1 Storage Block
must be maintained in the subcritical condition. This is done by exercising the administrative
control over the movement and storage of radioactive and fissile assemblies. Fissile material is
stored according to the criticality clearance certificates.
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Heat Removal: The decay heat generated by the fuel elements in the No. 1 Storage Block must
be removed. The primary heat removal function is accomplished by using the No. 1 Storage
Block primary coolant system. A secondary means of heat removal is provided by the addition
of mains water for makeup and cooling.
Cooling Loop Integrity: The No. 1 Storage Block coolant boundary must be intact for the
irradiated fuel heat removal to be effective. To achieve this, the system boundary must be
maintained, which is done by the coolant piping circuit.
Containment Cooling: In the event that heat is transferred from the No. 1 Storage Block to the
containment, heat removal from the containment is considered. Containment heat removal will
not influence the likelihood of fuel damage; however, the availability of containment heat
removal will influence the plant damage state assignment of a specific scenario. This is
accomplished by using the space conditioners. Further, the containment itself functions as a
passive heat sink.
Containment Fission Product Removal: When the fuel integrity in the No. 1 Storage Block is
breached and the fission products are released to the containment, means of removing the fission
product must be considered. This function is accomplished using the space conditioners and the
standby active ventilation system. Further, the containment itself provides a means for the
fission product removal through passive deposition.
Containment Isolation: Given a demand, the containment must be isolated to protect the
environment. This is done using the containment isolation system. In addition, Storage Block
cooling system integrity must be maintained to avoid containment bypass.
4.6.4 Fuel Element Shearing and Transport via FE Flask and the ST Flask (POS-8)
Maintain Subcriticality: The spent fuel elements in the fuel element load/unload flask and the
shear and transport flask must be maintained in the subcritical condition. This is done by using
appropriate administrative controls outlined in the HIF AR operating and active handling
manuals.
Heat Removal: The decay heat generated by the irradiated fuel elements must be removed. A
means of heat removal is provided by the cooling system of the FE flask and the demineralized
water in the shear and transport flask. The mass of the flasks also acts as an effective heat sink.
Cooling Loop Integrity: The storage chamber provides the cooling loop integrity function for
the spent fuel.
Containment Cooling: In the event that heat is transferred from the irradiated fuel in the flasks
to the containment, heat removed from the containment is considered. Containment heat
removal will not influence the likelihood of fuel damage; however, the availability of
containment heat removal will influence the plant damage state assignment of a specific
scenario. This is accomplished by using the space conditioners. Further, the containment itself
functions as a passive heat sink.
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Containment Fission Product Removal: If the flask integrity is breached and the fission
products are released to the containment, means of removing the fission product must be
considered. This function is accomplished using the space conditioners and standby active
ventilation system, if the flask is inside the containment at the time of the incident. Further, the
containment itself provides a means for the fission product removal through passive deposition.
Containment Isolation: Given a demand, the containment must be isolated to protect the
environment. This is done using the containment isolation system.
4.6.5 Fuel Storage and Handling in Building 23 (POS-9)
Maintain Subcriticality: During the transport of the irradiated fuel from HIFAR to the
Building 23 pond, the fuel must be maintained in the subcritical condition. This is done by using
appropriate administrative controls outlined in the HIFAR operating and active handling
manuals.
Heat Removal: The decay heat generated by the irradiated fuel elements must be removed. The
primary heat removal function is accomplished by the demineralized water in the storage
chamber. A secondary means of heat removal is provided by the demineralized water in the
cropping pond.
Cooling Loop Integrity: The storage chamber provides the cooling loop integrity by preserving
the system boundary for the spent fuel.
Radionuclides Barrier: The flask provides the barrier to the release of the radionuclides to the
environment. For fuel stored in the Building 23 pond, the pond water provides the only barrier
for radionuclides escaping the fuel.
4.6.6 Fuel Transported from Building 23 to Building 27 and Storage in Building 27
(POS-10)
Maintain Subcriticality: The irradiated fuel must be maintained in subcritical condition in the
long-term storage containers in the cropping pond, during transport to Building 27 using the
general purpose flask, and in the long-term storage at Building 27. This is done by using
appropriate administrative controls.
Heat Removal: The decay heat generated by the irradiated fuel elements must be removed. The
primary heat removal function is accomplished by demineralized water in the storage chamber,
and in the case of the dry storage, by conduction/convection within the storage facility.
Cooling Loop Integrity: The storage chamber provides the cooling loop integrity by preserving
the system boundary for the spent fuel.
Radionuclides Barrier: The flask provides the barrier to the release of radionuclides to the
environment. For fuel stored in the Building 27 mortuary holes, the radioactive barrier is the
stainless steel hole liners and caps.
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4.6.7 Fuel Storage in Building 59 Dounreay Flask (POS-11)
Maintain Subcriticality: The irradiated fuel must be maintained in subcritical condition in the
long-term aboveground storage in Building 27. This is done by using appropriate administrative
controls.
Heat Removal: The decay heat generated by the irradiated fuel elements must be removed. The
heat removal function in the dry storage is accomplished by heat transfer to the air.
Cooling Loop Integrity: The Dounreay flask provides the cooling loop integrity by preserving
the system boundary for the spent fueL
Radionuclides Barrier: The Dounreay flask provides the barrier to the release of radionuclides
to the environment.
4.6.8 Fuel Storage and Handling in Building 41 Pond (POS-12)
Maintain Subcriticality: The irradiated fuel elements must be maintained in the subcritical
condition in the Building 41 pond (currently, all fuel has decayed for more than 7 years). This is
done by using appropriate administrative controls.
Heat Removal: The decay heat generated by the irradiated fuel elements must be removed. The
primary heat removal function is accomplished by demineralized water in the storage chamber.
The secondary heat removal is also provided by demineralized water in the Building 41 pond.
Cooling Loop Integrity: The storage chamber provides the cooling loop integrity by preserving
the system boundary for the spent fuel.
Radionuclides Barrier: The flask provides the barrier to the release of radionuclides to the
environment. For fuel stored in the Building 41 pond, the pond water provides the barrier for
any radionuclides that escape the fuel.
4.6.9 Fuel Transported to Building 41 and Loading of LHRL-120 Spent Fuel
Shipping Cask (POS-13)
Maintain Subcriticality: The irradiated fuel elements must be maintained in the subcritical
condition during all the activities involved in loading the overseas shipping cask (LHRL-120).
This is done by using appropriate administrative controls.
Heat Removal: The decay heat generated by the irradiated fuel elements must be removed.
This heat removal function is accomplished by demineralized water in the shipping cask.
Cooling Loop Integrity: The storage chamber provides the cooling loop integrity by preserving
the system boundary for the spent fuel.
Radionuclides Barrier: The shipping cask provides the barrier to the release of radionuclides to
the environment.
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Table 4.6-1. Safety Functions Identified for HIFAR when
Fuel is in the Core (POS-1 through POS-5)
High-Level Safety
Function
Reactor Subcriticality
Core Heat Removal

Reactor Coolant
System Integrity
Containment Cooling
Containment Fission
Product Removal
Containment Isolation

Lower-Level Safety
Function
•
•
•
•
•
Secondary Heat Removal
•
•
•
Maintain System Boundary •
Overpressure Protection
•
Primary System Makeup
•
•
•
•
•
•
•

Primary System Flow and
Mixing
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Plant Systems
Coarse Control Arms
Main D2O Pumps
Shutdown D2O Pumps
ECCS Scavenge Pumps
RAT Flooding System (Mains)
H2O System Main Pumps
H2O System Shutdown Pumps
Mains Water System
D2O Coolant Loop
Pressure Relief System
Liquid Level System
Space Conditioner
Passive Containment Heat Sinks
Space Conditioner
Standby Active Ventilation System
Passive Deposition
Containment Isolation System

Table 4.6-2. Safety Functions Identified for HIFAR when
Fuel is in No. 1 Storage Block (POS-7)
High-Level Safety
Function
Maintain Subcriticality
Heat Removal

Lower-Level Safety
Function

Plant Systems

• Administrative Control*
Primary Heat Removal
• SB-1 Cooling
Secondary Heat Removal
• Site Water Supply
Cooling Loop Integrity Maintain System Boundary • SB-1 Piping
Containment Cooling
• Space Conditioner
• Passive Containment Heat Sinks
Containment Fission
• Space Conditioner
• Standby Active Ventilation System
Product Removal
• Passive Deposition
Containment Isolation
• Containment Isolation System
* Physical restrictions of fuel element arrangements limit the potential for criticality in selected
storage locations and handling flasks. The FE flask, ST flask, and GP flask cannot be loaded
with fuel elements in ways that could result in a critical configuration, even if damaged,
because they cannot hold the required number of fuel elements. Similarly, it is not physically
possible to obtain a critical configuration in the dry storage holes of Building 27, and for any
fuel element loading of the No. 1 Storage Block. The physical restrictions are less limiting in
the Building 23 and 41 ponds, although if fuel is confined to the established fuel racks,
criticality is precluded.
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Table 4.6-3. Safety Functions Identified for HIFAR when Fuel Element
Shearing and Transport via FE Flask and ST Flask (POS-8)
High-Level Safety
Function
Maintain Subcriticality
Heat Removal

Lower-Level Safety
Function

Plant Systems

• Administrative Control*
Heat Removal
• Cooling System of FE Flask
• Demineralized Water Flooding the
ST Flask
• Passive Heat Sinks (Mass Flasks)
Cooling Loop Integrity Maintain System Boundary • Storage Chamber
Containment Cooling
• Space Conditioner
• Passive Containment Heat Sinks
Containment Fission
• Space Conditioner
Product Removal
• Standby Active Ventilation System
• Passive Deposition
Containment Isolation
• Containment Isolation System
*Physical restrictions of fuel element arrangements limit the potential for criticality in selected
storage locations and handling flasks. The FE flask, ST flask, and GP flask cannot be loaded
with fuel elements in ways that could result in a critical configuration, even if damaged,
because they cannot hold the required number of fuel elements. Similarly, it is not physically
possible to obtain a critical configuration in the dry storage holes of Building 27, and for any
fuel element loading of the No. 1 Storage Block. The physical restrictions are less limiting in
the Building 23 and 41 ponds, although if fuel is confined to the established fuel racks,
criticality is precluded.
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Table 4.6-4. Safety Functions Identified for HIFAR Storage
and Handling in Building 23 (POS-9)
High-Level Safety
Function
Maintain Subcriticality
Heat Removal

Lower-Level Safety
Function

Plant Systems

• Administrative Control*
Primary Heat Removal
• Demineralized Water in Storage
Chamber
Secondary Heat Removal
• Demineralized Water Sources in
VAL and the Cropping Pond
Cooling Loop Integrity Maintain System Boundary • Storage Chamber
Radionuclides Barrier
• Flask
• Storage Pool
*Physical restrictions of fuel element arrangements limit the potential for criticality in selected
storage locations and handling flasks. The FE flask, ST flask, and GP flask cannot be loaded
with fuel elements in ways that could result in a critical configuration, even if damaged,
because they cannot hold the required number of fuel elements. Similarly, it is not physically
possible to obtain a critical configuration in the dry storage holes of Building 27, and for any
fuel element loading of the No. 1 Storage Block. The physical restrictions are less limiting in
the Building 23 and 41 ponds, although if fuel is confined to the established fuel racks,
criticality is precluded.
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Table 4.6-5. Safety Functions Identified for HIFAR when Fuel Transported
from Building 23 to Building 27 and Storage in Building 27 (POS-10)
High-Level Safety
Function
Maintain Subcriticality
Heat Removal
Cooling Loop Integrity

Lower-Level Safety
Function

Plant Systems

Administrative Control*
Primary Heat Removal
Demineralized Water or Air
Maintain System Boundary
Storage Chamber in Flask
Storage Pool in Building 27
Flask
Radionuclides Barrier
Stainless Steel Hole Liners and
Caps
*Physical restrictions of fuel element arrangements limit the potential for criticality in selected
storage locations and handling flasks. The FE flask, ST flask, and GP flask cannot be loaded
with fuel elements in ways that could result in a critical configuration, even if damaged,
because they cannot hold the required number of fuel elements. Similarly, it is not physically
possible to obtain a critical configuration in the dry storage holes of Building 27, and for any
fuel element loading of the No. 1 Storage Block. The physical restrictions are less limiting in
the Building 23 and 41 ponds, although if fuel is confined to the established fuel racks,
criticality is precluded.
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Table 4.6-6. Safety Functions Identified for HIFAR when Fuel Storage
in Building 59 Dounreay Flask (POS-11)
High-Level Safety
Lower-Level Safety
Plant Systems
Function
Function
Maintain Subcriticality
• Administrative Control*
Heat Removal
Primary Heat Removal
• Ambient Air
Cooling Loop Integrity Maintain System Boundary • Dounreay Flask
Radionuclides Barrier
• Dounreay Flask
* Physical restrictions of fuel element arrangements limit the potential for criticality in selected
storage locations and handling flasks. The FE flask, ST flask, and GP flask cannot be loaded
with fuel elements in ways that could result in a critical configuration, even if damaged,
because they cannot hold the required number of fuel elements. Similarly, it is not physically
possible to obtain a critical configuration in the dry storage holes of Building 27, and for any
fuel element loading of the No. 1 Storage Block. The physical restrictions are less limiting in
the Building 23 and 41 ponds, although if fuel is confined to the established fuel racks,
criticality is precluded.

\DIST\REPORT\SECT 4.6.DOC.01/15/98

4.6-11

Table 4.6-7. Safety Functions Identified for HIFAR Storage and
Handling in Building 41 Pond (POS-12)
High-Level Safety
Function
Maintain Subcriticality
Heat Removal

Lower-Level Safety
Function

Plant Systems

• Administrative Control*
Primary Heat Removal
• Demineralized Water in Storage
Chamber
Secondary Heat Removal
• Demineralized Water
Cooling Loop Integrity Maintain System Boundary • Storage Chamber
• Storage Pool
Radionuclides Barrier
• Flask
•Physical restrictions of fuel element arrangements limit the potential for criticality in selected
storage locations and handling flasks. The FE flask, ST flask, and GP flask cannot be loaded
with fuel elements in ways that could result in a critical configuration, even if damaged,
because they cannot hold the required number of fuel elements. Similarly, it is not physically
possible to obtain a critical configuration in the dry storage holes of Building 27, and for any
fuel element loading of the No. 1 Storage Block. The physical restrictions are less limiting in
the Building 23 and 41 ponds, although if fuel is confined to the established fuel racks,
criticality is precluded.
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Table 4.6-8. Safety Functions Identified for HIFAR when Fuel Transported to Building 41
and Loading of LHRL-120 Spent Fuel Shipping Cask (POS-13)
High-Level Safety
Lower-Level Safety
Plant Systems
Function
Function
• Administrative Control*
Maintain Subcriticality
Primary Heat Removal
• Demineralized Water
Heat Removal
Cooling Loop Integrity Maintain System Boundary • Spent Fuel Shipping Cask
• Spent Fuel Shipping Cask
Radionuclides Barrier
*Physical restrictions of fuel element arrangements limit the potential for criticality in selected
storage locations and handling flasks. The FE flask, ST flask, and GP flask cannot be loaded
with fuel elements in ways that could result in a critical configuration, even if damaged,
because they cannot hold the required number of fuel elements. Similarly, it is not physically
possible to obtain a critical configuration in the dry storage holes of Building 27, and for any
fuel element loading of the No. 1 Storage Block. The physical restrictions are less limiting in
the Building 23 and 41 ponds, although if fuel is confined to the established fuel racks,
criticality is precluded.
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5. ANALYSIS OF INTERNAL
EVENTS

5. Analysis of Internal Events
This section describes the accident sequence models for internal initiating events. These same
models form the basis for the accident sequence models for external event initiators; e.g., seismic
events and fires.
The accident sequence models are described by groups of initiating events that all use the same
event tree model structures. The groups of internal initiating events considered are described in
the following sections:
•
•
•
•
•

5.1
5.2
5.3
5.4
5.5

General Transients (including Support System Faults)
Leaks
Reactivity Events
Quantification of Scenarios Involving the Reactor
Fuel Handling Events and Irradiated Fuel Stofage

Sections 5.1 through 5.3 describe the internal event accident sequence models for plant operating
states (POS) associated with the fuel while it is in the reactor; i.e., POS-1 through POS-5 (see
Section 4.3 for the definition and selection of plant operating states). The models are described
in detail for POS-5: Startup and Full-Power Operation. Following this, the differences between
POS-5 and POS-1 through POS-4 are then summarized. Section 5.4 documents the assembly of
these models for each of the reactor-related initiating events identified in Section 4.5 to perform
the sequence quantification. Section 5.5 then presents the models for the remaining plant
operating states, which deal primarily with fuel handling events as well as storage of irradiated
fuel.

5.1 Accident Sequence Models for General Transients
As described in Section 4.5.2, the term "general transients" refers to a group of initiators in
which there is no leak from the heavy water circuit. Two examples of general transients are
losses of offsite power and the trip of a normally running main heavy water pump.
In this section, the event sequence diagrams for general transients are first discussed, followed by
a presentation of the early and late frontline event tree top events used to describe the accident
sequences. The models are described for plant operating state POS-5. In Section 5.1.4, the
changes needed to represent POS-1 through POS-4 are then presented. It turns out that the event
tree structures and top event definitions used for POS-5 can also be used for the other plant
operating states involving the HIFAR reactor; i.e., for POS-1 through POS-4.
5.1.1 General Transient Event Sequence Diagrams
The event sequence diagram (see Section 3.4.2 for an introduction to event sequence diagrams)
for general transients is presented in Figure 5.1-1. This event sequence diagram was developed
based on the guidance provided by HIFAR operating procedures in References 5.1-1
through 5.1-3 and review comments by HIFAR plant operations staff.
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The diagrams assume that HIFAR is initially at full power. Page 1 of Figure 5.1-1 covers the
early sequence of events following a demand for plant shutdown. Reactivity control may be
accomplished by the initiation of a control reversal (CCAs are lowered), a restricted trip (CCAs
are dropped into the core), or a complete reactor trip (both the CCAs and the safety rods are
dropped into the core). If the cause of a control reversal is not manually eliminated in time, such
conditions also lead to a restricted or complete reactor trip.
Once reactivity control is established, the event sequence diagram considers the plant responses
to address heavy water circulation and light water circulation through the heat exchangers.
Backup actions to address these required safety functions, if needed, are also depicted.
For transients that do not involve the positive insertion of reactivity (e.g., loss of flow transients),
short-term reactivity control can be accomplished by the insertion of a single CCA or safety rod;
per Section 7.4.3.1 of Reference 5.1-4. Later in the plant response, as xenon decay occurs and as
the temperature of the moderator decreases, additional neutron absorption is required. It is
desirable to have available an initial 3 to 4% shutdown margin. This is beyond the total
reactivity worth of both safety rods (which have approximately 1% reactivity worth each).
The average worth of a single CCA is on the order of 3 to 4%, but the actual worth of an
individual CCA is dependent on its location. A CCA located on the edge of the core has less
reactivity worth than one near the core center, per Reference 5.1-4. In the absence of positive
reactivity insertion, a conservative success criteria for reactivity control is specified as insertion
of at least three of the six CCAs and is adopted here (Reference 5.1-5).
No credit is assumed for the safety rods, although they would be adequate in the initial time
period of many initiators. For initiators involving the temporary loss of heavy water circulation,
reestablishing heavy water flow would also be cause for concern if only a safety rod were to
insert. The reestablished flow may cause much colder water to enter the core, causing an
increase in reactivity. Therefore, in the absence of analysis for this later time frame of loss of
flow sequences, the study team judged it prudent to make a conservative success criteria
assumption for reactivity control, one which does not rely on the safety rods.
See Section 5.3 for a discussion of success criteria for reactivity control for events involving
positive reactivity insertion.
If fission power is not adequately controlled, then the model assumes that fuel damage occurs.
For such "failure to trip" scenarios, the sequences are directed back to the normal plant response,
even though fuel damage is assumed to have occurred. This permits the status of systems that
may play a role in mitigation of radioactivity release to be determined.
The operator action to trip the normally running main heavy water pumps following reactor trip
is assumed successful. For planned shutdowns and for unplanned plant trips in which the
operators judge that they can not quickly return to power (i.e. the reactor poisons out), this action
would be performed. The assumption that they will always trip the main heavy water pumps is
conservative because it then poses a challenge to the heavy water shutdown pumps to start in
order to maintain heavy water circulation. Should the heavy water shutdown pumps fail, the
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assumption is still conservative because it then means that the main heavy water pumps must
restart in order to restore forced heavy water circulation through the heat exchangers.
If all heavy water forced circulation is lost, heat removal may still be possible via the shield
cooling system. The shield cooling coil on the master plate at the top of the RAT may provide
significant heat removal after the RAT inventory is heated sufficiently for boiling to occur. The
study team believes that realistically this system could be effective. However, there is currently
insufficient analysis to justify that cooling by the shield cooling system alone is sufficient to
prevent fuel damage. Also, shield cooling itself relies on heat removal from the light water
system to provide an ultimate heat sink. This limits its availability as a backup system.
Therefore, this study (consistent with previous analysis of HIFAR safety) conservatively neglects
the potential for shield cooling as an alternative to heat removal via the heavy water to light
water heat exchangers.
No credit is given for heat removal from the heavy water side via rig cooling. This system was
not designed to provide full decay heat removal. The amount of heat removal via this cooling
system is insufficient, by itself, and therefore is neglected.
The ESD indicates that in the event of a loss of all forced circulation, the rate of RAT heavy
water heatup can be slowed by the circulation of heavy water via the liquid level system.
Though not proceduralized, there are two actions that could promote the circulation. Both
require the availability of an LLS pump. One action is to bypass the normal flow from the LLS
pump to the ion exchange columns. This would increase the net circulation rate back to the
RAT. The second action is to redirect the LLS discharge flow so that it enters at the heavy water
riser from heat exchanger 1E1/3 rather than discharging into the pump suction header. This
alternate flow path would ensure that the cooler, main heavy water storage tank inventory mixes
first with the RAT inventory.
If all light water forced circulation is lost, page 1 of Figure 5.1-1 identifies an alternative heat
removal method that requires opening the plant room doors and relying on the space
conditioners. Though considered in plant operating limits and conditions for certain shutdown
conditions, this alternative cooling mode is not considered in the event trees. It is not
proceduralized, and may be inadequate to remove all decay heat soon after reactor trip while still
maintaining heavy water temperatures below the scavenge pump temperature limit of 70°C.
This option was formulated as a backup cooling option to mains water cooling of the heat
exchangers during shutdown when there has been a period of prior cooling. Specifically, it was
developed for situations in which the cooling pond is drained for cleaning and the light water
cooling systems are not available. It would be available in the event of a localized loss of mains
water to the heat exchangers. However, in the event of a total loss of mains water cooling, the
space conditioners would also be unavailable, limiting the effectiveness of this option.
Circumstances might also prevent implementation of this natural convection cooling option
immediately following a reactor trip. After a period of RAT heatup, the RAT pressure may
increase enough to rupture the RAT pressure relief burst disc; i.e., its nominal relief pressure is
25 kPa(g). RAT pressure relief isolation valves fail open on loss of compressed air or signal.
This would release tritiated vapor to the plant room, making less desirable the option to open the
plant room doors. Therefore, no credit is given for this action in the current study.
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In the event that all forced cooling of the RAT is lost, the fuel and RAT heavy water inventory
will increase in temperature. PLG has reviewed the discussion of such sequences provided in
Reference 5.1-4, and performed its own calculations (see Appendix B). PLG has concluded that
the RAT heavy water inventory will adequately cool the fuel during a period of stagnant flow,
although the bulk heavy water temperature would, of course, increase. Subsequent recovery
actions are therefore based on the bulk heavy water temperatures, rather than the local fuel
temperatures.
Sequence paths involving success of both heavy water and light water forced circulation transfer
to page 2 of Figure 5.1-1. The actions depicted on page 2 are not required to complete a safe
shutdown but are listed for completeness. This page of the diagram indicates some of the key
actions that the operators would normally perform during a planned shutdown at the beginning
of the program cycle, when the reactor is not to be immediately returned to power. These
sequences all end with no radioactivity release from the fuel or heavy water circuit.
Sequence paths on page 1 that result in complete failure of either heavy water or light water
circulation are transferred to page 3 of Figure 5.1-1. The events on page 3 consider the plant
responses needed to address recovery actions, including the alignment for RAT flooding.
Sequences with successful recovery of forced circulation are seen to terminate with no release to
the heavy water plant room or the RCB.
A key consideration in the alignment for RAT flooding is to ensure that an adequate relief path
for the injected flow is also available. Successful RAT flooding ensures that the fuel is protected
but that tritium initially contained in the heavy water is released inside the RCB.
In the event that the helium gasholder fails to automatically isolate on high RAT pressure, the
operators might manually close the required valves. No credit is assumed for this backup manual
action in the event sequence model because it is not proceduralized.
If the helium gasholder successfully isolates, RAT pressure will continue to rise due to the loss
of forced cooling. For general transients, no credit is given for the RAT pressure relief system
actuating because RAT level remains above LI; i.e., the condition which leads to an automatic
opening of the lines to the burst disc. The heavy water circuit pressure could increase beyond the
ECCS burst discs' rupture pressure of 220 kPa(g) before all of the heavy water above LI could
be converted to steam. Therefore, for loss of cooling sequences, the ECCS signal on RAT level
less than LI would come too late to be of value for pressure relief.
However, in the event of a loss of forced cooling, the operators are likely to evacuate the RCB
and seal the building prior to the heavy water reaching saturation; i.e., 100°C. As part of sealing
the building, the operators would also isolate compressed air to the RCB. The RAT pressure
relief isolation valves fail open on loss of compressed air. Therefore, credit for RAT relief
through these valves can be taken by assuming that RCB evacuation has occurred, even though
an ECCS LI signal for them to open is not available. The ESD also shows that pressure relief
via the separate, ECCS burst discs is also considered. Failure to recover cooling together with
failure of all modes of RAT pressure relief is assumed to result in gross failure of the RAT due to
overpressure. Fuel damage is then assumed.
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Successful RAT flooding sequences transfer to page 4 of the ESD (Figure 5.1-1). Page 4 depicts
the response of the RCB systems when no fuel damage has occurred. Under these conditions, it
is assumed that the conditions for an automatic signal for containment isolation would not occur.
It is conceivable that the gamma activity levels initially present in the heavy water are sufficient
to cause a containment isolation condition under the condition of no fuel damage. However, this
is not assured, and therefore no credit is taken for this condition.
The sequence responses in page 4 terminate in the release of some tritiated water vapor. The
release may be from an intact containment at a slow leak rate, an unisolated containment with a
filtered yet increased leak rate, or an unisolated and unfiltered release.
Sequences involving failure of RAT flooding when required are assumed to result in fuel
damage. These are then transferred to page 5 of Figure 5.1-1 to determine the status of the active
RCB systems. All sequences transferring to page 5 involve fuel damage. Both automatic and
manual actions to isolate, cool, and limit the internal pressure of the containment building are
considered. Fuel damage sequences in which the RCB integrity is assured, releases are
controlled, or the RCB fails are all considered.
5.1.2 General Transient Event Tree Descriptions
The following top event descriptions document the accident sequence event tree models for
initiating events originating with the reactor at full power. The top event headings are
summarized in Figure 5.1-2. With minor modifications, these same accident sequence model
structures can be used to quantify the frequency of accident sequences resulting from initiating
events for other plant operating states involving the reactor; i.e., for events occurring during
different times of the planned shutdowns. The only differences required to quantify these events
are in the frequencies assigned to each event tree branch point. These differences in the
sequence quantification are discussed later as a function of plant operating state.
The top events for two frontline event trees are described. The first, or early tree, describes the
equipment and operator actions required to ensure fuel cooling. The second, or late event tree,
describes the RCB active systems and operator actions necessary to characterize the release of
radioactivity given some release of heavy water or fuel inventory from the RAT. Together, these
two trees describe all of the frontline system responses required to represent the accident
sequences. The treatment of support systems is discussed later in Section 7.
In the following descriptions, the time TM represents the mission time for the equipment
analyzed. This time is assumed to be 24 hours, consistent with similar assumptions for
probabilistic studies of nuclear power reactors. A fuel cooling time greater than 24 hours is
required to permit all HIFAR active cooling systems to be turned off without damaging the fuel,
especially if there is a leak of heavy water from the RAT. Reference 5.1-4 suggests that cooling
may be required for 92 hours. The study team believes that the required cooling time is being
reconsidered by ANSTO. The calculation of this "ever safe time" assumes that the shield
cooling system remains operational. An "ever safe time" computed assuming no active systems
function would be longer.
However, successful cooling for 24 hours duration would indicate that the plant has stabilized
from any initial disturbance. While additional failures could occur after 24 hours, these
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sequences would be at lower frequency, and there would be more time for backup cooling
systems to be aligned and other remedial actions to be taken. Therefore, it is assumed in this
study that the risk of additional equipment failures after the plant has been stabilized for 24 hours
can be neglected relative to the risks computed for the first 24-hour period following the
initiation of the accident.
In the event of a loss of all cooling without a leak, the time until the heavy water in the RAT
reaches saturation at 1.5 kPa(g) is estimated to be 2.7 hours (per Reference 5.1-4). PLG has
independently calculated the time to saturation, and found similar results (see Appendix D). The
time of 2.7 hours was computed assuming that the loss of all forced cooling initiated with the
reactor initially at full power, and that there was no subsequent heavy water circulation or heavy
water addition via the liquid level system.
A summary of RAT heatup results computed by PLG is presented in Table 5.1-1. The times to
reach different conditions in the RAT following a loss of all cooling from normal full power
reactor operating conditions are indicated for two cases. One case is when the RAT is initially
isolated and the RAT pressure relief system does not function. The second case is when pressure
relief does occur and the RAT is maintained at atmospheric pressure. Additional details of the
PLG calculations can be found in Appendix D.
5.1.2.1 General Transient Early Tree (Fuel Cooling Phase)
The following top event descriptions are for the general transient early event tree. The top event
descriptions are presented in the same order as they appear in the event tree structure.
•

Top Event ORT — Manual Reactor Trip Signal. This top event models the manual
actions to initiate a reactor trip. These actions may be a result of a planned manual
shutdown in which case the CCAs are first driven in followed later by the simulation of
an automatic trip function. It may also represent the operator actions to directly initiate a
reactor trip in response to an unplanned challenge to reactivity control in which there is a
failure of the automatic reactor trip signal. In the current model, credit for the latter is not
assumed.
Success of this top event implies that the CCAs have received a manual signal to insert.
This event is assumed to be guaranteed successful when considering some planned
manual shutdowns from full power. For planned manual shutdowns in which losses of
heavy water flow are introduced to initiate the reactor trip, no credit is assumed for
manual trip.
No credit for this action is assumed for positive reactivity insertions, as discussed later in
Section 5.3.

•

Top Event RTP — Automatic Reactor Trip Signal - Primary Guard. This top event
models the automatic reactor trip signal primary guard signal for the CCAs and safety
rods. This top event is of interest in those sequences in which a manual reactor trip
signal has not occurred but there is still a need to trip the reactor as a result of the
initiating event.
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•

Top Event RTS — Automatic Reactor Trip Signal - Secondary Guard. This top
event models the automatic reactor trip signal secondary guard signal for the CCAs and
safety rods. This top event is of interest in those sequences in which a manual reactor trip
signal has not occurred but there is still a need to trip the reactor as a result of the
initiating event. This event is evaluated conditionally on the status of Top Event RTP.

•

Top Event CCA — 3/6 Coarse Control Arms Insert. This top event models the
insertion of at least three out of six coarse control arms (CCA) given a manual or
automatic reactor trip signal. For all but reactivity insertion transients, the insertion of
three of six CCAs is sufficient to control reactivity. Reactivity events are documented in
Section 5.3. This event is assumed failed if Top Events ORT, RTP, and RTS fail; i.e., if
both the manual and automatic, trip signals fail.

•

Top Event SR —1/2 Safety Rods Drop. This top event models the insertion of at least
one of two safety rods given a manual or automatic reactor trip signal. This event is
failed if Top Events ORT, RTP, and RTS fail; i.e., if both the manual and automatic trip
signals fail. Insertion of the safety rods is only of interest if Top Event CCA fails; i.e., if
the coarse control arms fail to insert. Reactivity control by the safety rods is only
relevant if there is no appreciable reactivity insertion leading to the reactor trip demand,
or if the reactivity insertion is small, less than the worth of the safety rods.
If insufficient CCAs fail to insert, then insertion of at least one safety rod may effectively
shutdown the reactor in the short term. However, long-term reactivity control (i.e., after
xenon decay and cooldown) is assumed to require additional negative reactivity insertion.
Therefore, in the current model, no credit is given for reactivity control by the safety
rods. The reader is referred to the discussion in Section 5.3.

•

Top Event NRV — 2/2 Main D2O Pump Nonreturn Valves Reseat. This top event
models the reseating of the main heavy water pump nonreturn valves for the two pumps
that are normally running when the reactor was operating at power. The operators are
assumed to shutdown the two main heavy water pumps soon after reactor trip, thereby
allowing the heavy water shutdown pumps to automatically start.
If one of the nonreturn valves fails to reseat, flow elements on the downcomers will
indicate the amount of reduction in core flow from the heavy water shutdown pumps.
Initially, it was thought that failure of a main heavy water pump nonreturn valve to reseat
would render both heavy water shutdown pumps ineffective. However, calculations by
ANSTO (Reference 5.1-6) and supporting documents have since been reviewed by PLG
and it is now agreed that failure of one or both nonreturn valves to reseat would not
completely preclude forced cooling by the heavy water shutdown pumps. The resulting
flow through the core would still be sufficient to provide adequate heat removal after
plant trip. This event is retained in the model but its failure is no longer assumed to fail
the heavy water shutdown pumps.

•

Top Event D2O — Main D2O Pumps Continue or 1/2 D2O Shutdown Pumps Start
and Operate. This top event models the automatic response of the heavy water main
and shutdown pumps following trip. Success of this top event implies that at least one of
the two normally running main heavy water pumps continues operating, or one of the two
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heavy water shutdown pumps starts automatically on loss of all three main heavy water
pumps, and operates successfully for TM (i.e. 24) hours. The operator action to manually
start a shutdown heavy water pump in the event it fails to start automatically is also
considered.
Success of Top Event D2O implies that adequate forced circulation to the heat
exchangers on the heavy water side is available to permit heat removal from the HIFAR
fuel.
Top Event NMW — Mains Water Cooling Not Initially Aligned for Heat Exchanger
Cooling. During POS-5, Startup and Full-Power Operation, the normal light water
cooling circuit is aligned to the heat exchangers. However, during portions of the
planned shutdowns at HIFAR, normal light water flow is isolated and instead mains
water is aligned for heat exchanger cooling. This alternate configuration is aligned to
permit chemical cleaning of the cooling water pond without the same chemicals
adversely impacting the heat exchangers. This alignment of mains water is also used
when the cooling pond is drained every 6 months for cleaning.
Top Event NMW is a switch to track the periods in which heat exchanger secondary
cooling is aligned to the normal light water cooling system for each plant operating state.
Success of this event implies that mains water cooling is not initially aligned.
Failure of this event implies that mains water cooling is initially aligned at the start of the
accident, and, thus, that the normal light water cooling system is not initially aligned.
The status of Top Event NMW affects the failure probabilities assigned to the light water
circuit below.
Top Event H2O - 1/4 Main H2O Pumps or 1/2 Shutdown H2O Pumps. This top event
models the equipment required for normal light water flow to be provided to at least one
heat exchanger for TM hours after plant trip. Soon after a planned reactor shutdown, all
but one main light water cooling pump is tripped by the operators. Therefore, for this
model, only one main light water pump is assumed initially running. This event models
the operating main pump to run for TM hours or, as a backup, either of the two light
water shutdown pumps to automatically start and operate for TM hours after the
operating main light water pump fails.
This top event considers whether the nonreturn valves for the three normally running
main light water pumps reseat when the associated pump stops. Failure of any one
nonreturn valve to reseat may divert a portion of the light water shutdown pumps' flow
from the aligned heat exchangers. However, because of the minimal flow requirements
for decay heat removal after reactor trip, this flow diversion is expected to be insufficient
to render the shutdown pumps ineffective. Therefore, failures of the nonreturn valves to
reseat are assumed to not result in failure of heat exchanger flow from the light water
shutdown pumps and any operating light water main pumps.
This event models the operator action to manually start the light water shutdown pumps
in the event that their automatic start signal fails, and also to restart one of the other three
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light water main cooling water pumps should the one left running and both shutdown
pumps fail. These actions must be performed locally at the pumphouse.
If Top Event NMW is failed, then mains water, not the light water cooling system, is
aligned to one of the heat exchangers. This event then models the continued flow from
mains water to the one aligned heat exchanger. In the event that mains water becomes
unavailable, operator actions to realign the light water cooling system are considered in
Top Event REH.
Success of this event implies that adequate forced circulation through the secondary side
of the heat exchangers is available to permit decay heat removal.
Top Event HE — Helium Gas Holder Automatically Isolates. In the event of a RAT
pressure buildup to 3 kPa(g) or more (i.e., as would be caused by a loss of heavy water or
light water forced circulation), the helium gas holder automatically isolates. This top
event models the isolation of at least one of the two redundant valves (PV1 or PV2) to
close on high RAT pressure. The model evaluates the failure probability of gas holder
isolation assuming that a high RAT pressure occurs.
Failure of this line to close provides a release path for any steam generated in the RAT.
The release path would bypass the heavy water plant room, venting directly to the RCB
basement. In the event that the RAT pressure buildup continues, successful closure of the
line to the helium gas holder during a transient in which RAT pressure increases poses a
challenge to the normal RAT relief line or to the ECCS burst discs to open. These
alternative relief options are considered separately later in Top Event BD.
Top Event LLP — Liquid Level Pump Operates. This top event models the
availability of the normally running liquid level system (LLS) pump after plant trip.
Assuming adequate inventory in the main heavy water storage tank (1V3), the operating
LLS pump can provide .28 liters per second of heavy water makeup from 1V3 to the
RAT. This makeup continues until level falls below the 1V3 low level cutoff level (i.e.
11 cm), or until the high level cutoff (i.e. 45 cm) in 1V3 is exceeded. For losses of all
forced circulation, continued LLS operation can greatly extend the time available before
bulk heavy water temperatures become excessive.
Success of Top Event LLS implies that the normally running LLS pumps continues
operating after plant trip. Failure of Top Event LLS means that the pump is not operating
and makeup from the LLS is not available. In the current model, no credit is given for
the operators manually aligning the standby LLS pump in the event that the normally
operating pump fails to run. This action is not described in plant accident procedures.
Top Event RED — Recovery of D2O Forced Flow. In the event that heavy water
circulation provided by the shutdown pumps is not available (i.e., Top Event D2O fails),
then the operators may restart the main heavy water pumps to provide circulation. This
top events models the operator action and the equipment actions required for heavy water
circulation using the main heavy water pumps. The mission time assumed is TM hours.
In the event that the initiating event fails the main heavy water pumps, then no credit is
given for this backup action.
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For losses of electric power from all AC power sources (i.e., line supply and onsite diesel
generators), this event considers the recovery of offsite power and the subsequent
restarting of the heavy water shutdown pumps prior to RAT pressure relief at 25 kPa(g)
and prior to the bulk heavy water temperature exceeding the heavy water shutdown pump
operating limits; i.e., assumed to be 70°C.
•

Top Event REH — Operators Align Backup Cooling Water (Mains Water or
Normal Cooling Flow) to Heat Exchanger(s). This top event models the restoration of
the light water cooling system if initially power was lost, contributing to the failure of
Top Event H2O, but Top Event RED succeeds indicating that power was successfully
restored in time.
This top event also models the manual backup of light water cooling flow to at least one
heat exchanger that has lost its original flow. For events initiated from power operation
(i.e., POS-5), light water cooling would initially be aligned and mains water cooling
would be aligned as the backup (per Reference 5.1-7); i.e., this state is represented by
Top Event NMW being successful. The time available for recovery is determined by the
operating temperature limit on the heavy water shutdown pumps. The cooling for these
pumps is limited by the ambient air temperature in the heavy water plant room. The
heavy water plant room ambient air temperature limit of 70°C is assumed to be exceeded
whenever the bulk heavy water temperature exceeds 70°C. At this temperature, the RAT
pressure may be relieved to the plant room raising the air temperature to nearly the same
value as the bulk heavy water.
If the plant is initially in shutdown with mains water cooling already aligned (i.e., Top
Event NMW is failed), this event then models the restoration of flow from the light water
main or shutdown pumps following the loss of mains water cooling. The comments
above regarding time available to complete the action also apply to recovery during
shutdown.
However, in the event that the 6 month cleaning of the cooling pond is in progress, which
requires draining the pond, both the main and shutdown light water pumps would also be
unavailable to provide flow to the heat exchangers after the first 24 hours. In this case,
backup cooling to the mains water system requires that the operators open the heavy
water plant room door and rely on natural convection to the space conditioning units to
provide cooling of the heavy water circuit. Circulation of the heavy water side must also
be available. Per the tests documented in Reference 5.1-8, this mode of cooling should
be adequate to limit heavy water temperatures to less than 70°C if some other form of
cooling is provided for the first 24 hours after plant trip. Since loss of mains water may
also preclude operation of the space conditioner systems, this backup action is
conservatively neglected in the current HIFAR PSA model.
It is possible that a liquid level pump could be used as a backup "cooling" mechanism.
This alternative mode of cooling is not modeled for three reasons: (1) it is not
proceduralized, (2) if the accident occurred during shutdown it may also require manual
action to deisolate the RAT, and (3) this alternative cooling mode is not capable of
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removing the decay heat; i.e., it only extends the time available for other actions by
mixing heavy water from the 1V3 storage tank with that already in the RAT.
Top Event ORF — Operators Initiate 1 Liter per Second of RAT Flooding. In the
event that either or both heavy water and light water forced circulation cannot be
maintained, the operators can still establish fuel cooling by introducing mains water
directly into the RAT. RAT flooding is provided primarily as a backup for the ECCS
system (i.e., procedural guidance is to actuate it if RAT level falls below 140 cm, well
below the ECCS actuation level LI at 157 cm), but can also be initiated earlier at the
discretion of the operators for any accident.
To allow for RAT flooding, special provisions for aligning mains water to feed the RAT
are provided. This event models the operator action (i.e., to remove the blanking plates
and insert a bridging piece) required to arm and initiate RAT flooding. Actions both
inside (i.e., to arm) and outside the RCB (i.e., at the ECR) are required to complete the
alignment. The operators are also instructed to request the Site Operations Safety
Supervisor (SOSS) to start the standby fire booster pump in Building 4 to increase the
flow rate into the RAT from 1 to 2 liters per second.
The time available to align for RAT flooding is dependent on two phases. For loss of
flow conditions, it is assumed that the operators must arm the RAT flooding system prior
to evacuating the RCB. Otherwise, the operators would have to reenter the RCB to arm
the system. Evacuation should occur before RAT temperatures increase sufficiently to
cause pressure relief. If the RAT pressure relief isolation valves are opened, the
25 kPa(g) burst discs will rupture at about 30 minutes. If the RAT pressure relief
isolation valves do not open, relief should not occur until pressure reaches 220 kPa(g), or
about 5.2 hours. After this time, when tritiated steam is escaping from the heavy water
circuit, the operators should already have evacuated from the RCB. Since no fuel
damage will have occurred, it is possible that the operators will reenter the RCB to arm
the RAT flooding system, even after RAT pressure relief has occurred. This possibility
is conservatively neglected.
After the RCB has been evacuated, RAT flooding need only be initiated prior to fuel
uncovery due to boiling. For loss of flow accidents initiating from full power, per
Table 5.1-1, more than 42 hours is then available before the fuel is uncovered.
Success of Top Event ORF implies that at least 1 liter per second of mains water flow is
directed into the RAT. Starting the fire booster pump is not needed to achieve this flow
rate, and is therefore not required. Failure of Top Event ORF under loss of flow
conditions means that the fuel will eventually be damaged due to the failure of either or
both of D2O and light water cooling.
Top Event BD — RAT Pressure Relief Prior to RAT Overpressure. This top event
models the RAT pressure relief required for RAT flooding. In the event that all heat
removal from the RAT is lost, there is no leak present, and RAT flooding is initiated (i.e.,
Top Event ORF success), a relief path is eventually required. The sequence of events
after initiation of RAT flooding and leading up to the requirement for pressure relief is as
follows.
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Mains water flow would be introduced via the RAT flooding system into the upper
plenum at the rate of 1 or 2 liters per second depending on whether the fire booster pump
is started. For nonleak sequences, RAT level would not fall below 140 cm, so initiation
of RAT flooding is only at the discretion of the operators. For the sequence in which all
heat removal is lost, the operators are expected to initiate RAT flooding so as to limit the
increase in bulk heavy water temperature to less than 70°C. RAT level would increase,
and the operators would likely throttle flow to avoid any excess cooling. Injection of
light water would be allowed to continue at a reduced rate. As level exceeded 172 cm,
the excess would flow down the weir line and into the main heavy water storage tank. At
a rate of 2 liters per second, this tank would fill in 1 or 2 hours. Subsequently, RAT level
would increase above 172 cm.. Operators can monitor the RAT level increase from the
emergency control room. During this period, RAT pressure would remain low.
The operators would continue the injection of light water to limit the bulk heavy water
temperature rise. Eventually, the upper plenum of the RAT would fill and water would
be forced up through the helium lines, and into the helium expansion tank, via the U-seal
that would clear. The helium gas holder would isolate automatically at a pressure of
3 kPa(g). The helium expansion tank is very large (28 m3) and so could accommodate a
large amount of the injected water. Eventually, however, the heavy water circuit and the
helium expansion tank would be filled. RAT pressure would then rise further. The
mains water system pressure, with or without the fire booster pump operating, exceeds
the RAT design pressure of 220 kPa(g). In the absence of pressure relief, RAT pressure
would increase, due to light water injection and decay heating, until some portion of the
primary circuit boundary opened to relieve the pressure.
The RAT pressure relief valves would not open automatically due to an ECCS signal
because RAT level would not drop below level LI. The operators are not instructed to
open the relief valves either. However, the operators would likely evacuate the RCB and
seal the building. Any sequence requiring RAT flooding to be initiated would likely
require evacuation from the RCB. One part of sealing the RCB is to isolate compressed
air. The RAT pressure relief isolation valves fail open on loss of compressed air.
Therefore, RAT pressure relief would likely occur through these lines after rupturing the
common burst disc set at 25 kPa(g). The relief flow would be directed into the heavy
water plant room. It is unclear if the expansion tank would fill with water prior to the
RAT pressure relief burst disc being exposed to 25 kPa(g). This would only affect the
timing of relief, however, and is not considered further.
If the RAT pressure relief line isolation valves both failed to open or the common burst
disk did not rupture, RAT pressure relief could still occur by rupturing either of the two
ECCS burst discs, in the reverse direction at 220 kPa(g). The water would then relieve
down the ECCS injection lines and flow into the plant room. The scavenge pumps would
not be operating, because RAT level would not have dropped below LI.
If the helium gasholder does not isolate, then RAT pressure should not increase above the
failure pressure of the gasholder. In this case, Top Event BD is guaranteed successful.
The relieved heavy water would, however, then spill out onto the RCB basement floor
rather than flow into the plant room.
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Failure of this top event implies that RAT pressure does increase and that pressure relief
is not successful. The implication is that injection flow from RAT flooding would
subsequently be reduced but that continued decay heating would eventually cause RAT
heavy water temperature to increase and RAT pressure to exceed 220 kPa(g). This is
assumed to result in RAT failure due to overpressure (i.e., at an undetermined location)
and a subsequent blow down. The loss of RAT integrity is then conservatively assumed
to result in fuel damage. Failure of this event, even with success of Top Event ORF
results in fuel damage.
Success of this top event, together with success of Top Event ORF leads to effective fuel
cooling. The injected flow from the mains water system cools the RAT and its contents.
Tritium initially within the heavy water is released to the heavy water plant room via the
RAT pressure relief line or the ECCS injection lines, but the fuel remains cooled and
intact.
The frontline event tree for the early phase of general transients is given the name GENTRANS
in the RISKMAN PSA model. The GENTRANS event tree structure is shown as Figure 5.1-2.
The top events are as described above. When quantifying the event sequence frequencies, this
event tree is preceded by the support systems event tree and the plant operating state event tree.
The frontline event tree for the later phases of the general transients follows this one.
In the GENTRANS tree, if reactivity is controlled and both heavy water and light water cooling
are established, no further branching is made because the safe status of the fuel is then
established. If reactivity is not successfully controlled, branches for the following top events are
still made in order to determine the status of mitigating systems, especially to determine the
status of cooling to the heat exchangers.
If either heavy water or light water forced cooling is initially failed, then the event tree branches
under Top Events HE and LLP to determine the time available for recovery. Then the recovery
top events are queried; i.e., RED and REH. Finally, if either heavy water or light water cooling
are not established, the GENTRANS branches under Top Events ORF and BD to determine if
RAT flooding is successfully initiated and effective.
In the GENTRANS event tree, fuel damage is assumed to occur for a number of conditions. In
general, if reactivity control, or heavy water or light water heat removal fails and RAT flooding
is not initiated, then fuel damage is assumed to occur. The specific combinations of top event
states that lead to fuel damage are a function of the initiating event being quantified. These
conditions are presented in Section 5.4 for the plant operating states associated with the reactor.
5.1.2.2 General Transient Late Tree (RCB Systems)
The top events in the late frontline event tree are described below. This event tree follows and is
linked to the GENTRANS event tree during sequence frequency quantification. Each sequence
from the GENTRANS tree effectively transfers to the full list of sequences in this tree. The
extent of fuel damage is fully described by the GENTRANS, early tree. The events in the late
tree do not describe any more conditions that lead to damage. Rather, the top events in the late
tree describe the status of containment systems and operator actions related to containment
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system performance. Their status is required to properly assign the plant damage states
described in Section 4.4 to each sequence.
•

Top Event N3H — Switch: No Tritium Released to the RCB in Early Tree. This top
event is a switch to transfer information from the early, GENTRANS tree to the late tree.
It is used only as a modeling convenience. If there is no significant release of tritiated
heavy water or of fuel damage in the GENTRANS early tree, then this top event is
successful. In such sequences, the status of containment systems is not of interest.
Failure of Top Event N3H implies that there has been a release of either tritiated heavy
water, fuel damage has occurred, or both.

•

Top Event NFD — Switch: No Fuel Damage in Early Tree. This top event is also a
switch to transfer information from the early GENTRANS tree to the late tree. It is only
questioned if Top Event N3H fails. Success of Top Event NFD given failure of Top
Event N3H implies that there was no fuel damage resulting from the GENTRANS event
tree, but that there was a significant release of tritiated heavy water.
If there is no release of tritiated heavy water or fuel damage in the early tree (i.e., Top
Event N3H is successful), then this top event must be successful and is not questioned.
Failure of Top Event NFD implies that fuel damage has occurred. There may also have
been an accompanying significant release of tritiated heavy water.

•

Top Event TES — Containment Isolation Test Not in Progress at Start of Accident.
This top event describes the initial states of the RCB active systems at the start of the
accident. Success of Top Event TES implies that the containment isolation system test is
not being performed. In this case, both the normal and active extract ventilation systems
are assumed in operation. The radiation sensors on both systems are available to initiate
containment isolation should the need occur. The SAVS system, however, is isolated.
Failure of Top Event TES implies that the containment isolation test is being performed
when the accident occurs. The containment isolation test requires that the containment be
isolated and that an operator be stationed in the emergency control room for the duration
of the test. This implies that the normal ventilation inlet and extract lines are closed and
therefore unavailable, and that the active extract ventilation systems' water seals have
also sealed. RCB ventilation is provided by the SAVS input line and the SAVS extract
line, which connects downstream of the active extract water seal to the active extract
system filter assemblies and extract fans. Only the sensors for the active extract
ventilation system remain available to detect high radiation levels. The flow past the
sensors for the normal ventilation system is isolated during the test. The SAVS system,
which is aligned during the test, can then only be manually isolated.

•

Top Event EVC — Switch: Conditions for Evacuation of the RCB Exist. This top
event is a switch which transfers information from the early GENTRANS tree to the
LATE tree. The operator action to manually initiate containment isolation is dependent
on the conditions inside the RCB. The likelihood of successful operator actions in the
late event tree are dependent on whether the conditions exist and RCB evacuation has
been accomplished. The decision to evacuate the RCB is normally at the discretion of
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the operators, but is required before level L2 if RAT level falls, or if radiation levels
exceed 500 mSv per hour.
This top event identifies which sequences may have led to RCB evacuation; i.e., water
level may have dropped below level L2, or damage resulted in high radiation levels.
Only sequences involving fuel damage are likely to lead to radiation levels in excess of
500 mSv per hour. Therefore, success of EVC means that the water level has fallen to
level L2, or that fuel damage has occurred. Failure of Top Event EVC implies that water
level remains above level L2, that there has been no fuel damaged, and that there is no
other clear reason why RCB evacuation may have been initiated; e.g., RAT flooding was
not initiated.
For general transients, fuel damage occurs when all primary or secondary cooling is lost
and recovery is not completed in time. If RAT flooding (i.e., Top Events ORF and BD)
is successfully initiated, fuel damage may be prevented. If RAT flooding is successfully
initiated, it is likely to be accomplished before level L2 is reached. However, successful
implementation of RAT flooding requires actions outside the RCB. Therefore, Top
Event EVC is assumed successful for sequences where RAT flooding is initiated.
•

Top Event OFN — Operators Manually Align Standby Ventilation Train. This top
event models the operator action to locally respond to a failure of the operating train of
normal or active extract ventilation. Only one train of each of these systems is normally
aligned and operating. In the event that the operating train fails, the standby train (i.e.,
fan or filter train) must be manually started. Success of this top event implies that credit
for both trains can be included when assessing the reliability of the normal and active
extract ventilation systems later in Top Events NV and AE.
The action modeled is for sequences when there has not been any fuel damage, and the
RCB has not been evacuated or sealed.

•

Top Event NV — Normal Ventilation Continues. This top event represents the
equipment required to maintain normal ventilation of the RCB; i.e., the inlet fan, one of
two extract fans (one normally running), and one of two filter assemblies. The normally
running weathermaker system at the inlet line is assumed to not be required for system
success. The system mission time is TM hours. This event function is assumed failed if
the containment later isolates (i.e., Top Event CI is success), the operators attempt to
isolate the containment but one of the other lines fails to close (i.e., Top Event OIB
success), or if the containment isolation system test is in progress, i.e., if Top Event TES
is failed. The unavailability of this system function as determined by the subsequent
status of Top Event CI or OIB is accounted for in the assignment of sequence end states.
Success of this system implies that there is a filtered release of any activity in the RCB
atmosphere.

•

Top Event AE — Active Extract Ventilation Continues. This top event represents the
equipment required to maintain active extract ventilation of the RCB; i.e., one of two
extract fans (one normally running), and one of two filter assemblies. This system does
not have its own inlet supply. Therefore, if normal ventilation is failed, the filtration by
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this system will be somewhat degraded due to the loss of inlet supply. For purposes of
end state assignment, however, the amount of filtration is assumed to be sufficient to
classify any such sequences as end states involving filtered release. The system mission
time is TM hours.
This event function is also failed if the containment isolates (i.e., Top Event CI is
successful), the operators attempt to isolate the containment but one of the other lines
fails to close (i.e., Top Event OIB is successful), or if the containment isolation system
test is in progress, i.e., if Top Event TES is failed. Failure of any of these later top events
is tracked via the assignment of sequence end states. Success of this system implies that
any release of activity to the containment building atmosphere is filtered before it is
released to the environment.
•

Top Event OIB — Operators Manually Isolate Reactor Containment Building. The
operators may manually initiate containment isolation: (1) prior to a high radiation
condition, (2) in the event that high gamma radiation does not occur (i.e., such as in the
release of only tritiated heavy water), or (3) in the event that the automatic RCB isolation
signal fails. The manual action to initiate isolation is considered in this top event. This
action is believed more likely to be implemented if the RCB has been evacuated; i.e., if
Top Event EVC is successful.
If the containment isolation system test is in progress (i.e., Top Event TES is failed) then
an operator is located in the emergency control room and therefore available to isolate the
SAVS system aligned during the test.
Success of this event implies that a manual containment isolation signal is available;
therefore, the automatic isolation signal considered in Top Event CI below is no longer
required.

•

Top Event CIB — Automatic/Manual Isolation of the Butterfly Valves on the Five
Penetrations with Water Seals. This top event models the automatic and manual
closure of the butterfly valves associated with the five penetrations that also have water
seals; i.e., the SAVS inlet and outlet, the inlet and outlet of normal ventilation, and the
outlet of the active extract ventilation system. This top event is required to distinguish
between accident sequences with successful containment isolation that rely on the water
seals. Water seal closures can not withstand the same internal RCB pressures that the
butterfly and ball isolation valves can.
If there has been fuel damage, then automatic isolation of the RCB is possible on high
gamma radiation. However, it is assumed that radiation levels would not be high enough
to initiate RCB isolation unless fuel is damaged; i.e., tritiated heavy water release alone
would not cause a high gamma radiation signal, greater than 250 micro seiverts per hour.
This event models the automatic isolation signals and the equipment that must function to
complete the isolation. In the event that Top Event OIB is successful, then the automatic
isolation signal is not required. However, the equipment response required to affect the
isolation (i.e., butterfly valve closures) must still be considered. Success requires that all
the butterfly valves on these lines close.
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If the containment isolation system test is in progress, then the butterfly valves on the
normal and active extract ventilation systems are assumed to already be closed, but the
SAVS inlet and outlet butterfly valves must then isolate. Isolation of these additional
lines requires manual action; i.e., success of Top Event OIB. If the containment isolation
test is in progress, then failure of Top Event OIB guarantees failure of Top Event CIB
because the SAVS system is not automatically isolated.
Success of Top Event CIB implies the successful isolation of all five penetrations with
water seals. The building may then (given success of CI) maintain its leak tightness
above 10.3 kPa(g), to as high as 20.7 kPa(g); i.e., Reference 5.1-9. Failure of Top
Event CIB is interpreted as a partial failure of containment isolation. Successful
containment isolation can still be accomplished by the water seals. However, if only the
water seals function, the realistic internal failure pressure of the RCB is then limited to
10.3 kPa(g); i.e., by clearance of the water seals. The actions of the water seals and the
isolation of the penetrations without water seals are considered in Top Event CI.
Top Event CI — Automatic/Manual Containment Isolation on High Radiation.
This top event is evaluated conditionally on the status of Top Event CIB. If CIB is
successful, then all of the penetrations with water seals have successfully isolated. If CIB
has failed, then at least one of the butterfly valves inside the RCB did not close, and the
associated water seal must then function for containment isolation.
If there has been fuel damage, then automatic isolation of the RCB is possible on high
gamma radiation, greater than 250 microseiverts per hour. It is assumed that radiation
levels would not be high enough to initiate RCB isolation unless fuel is damaged; i.e.,
tritiated heavy water release alone would not cause a high radiation signal. This event
models the automatic isolation signals and the equipment that must function to complete
the isolation. In the event that Top Event OIB is successful, then the automatic isolation
signal is not required. However, the equipment response required to affect the isolation
(e.g., water seal activation, ball valve closures) must still be considered.
Success of Top Event CI requires that the A or B side on each of the following
penetrations successfully isolate: (1) pneumatic conveyors, (2) lavatory drain,
(3) effluent drain, (4) normal ventilation inlet, (5) normal ventilation extract, and
(6) active extract ventilation. Only the first three lines must be considered if Top
Event CIB is successful, due to closure of the butterfly valves.
If the containment isolation system test is in progress, then penetrations 4, 5, and 6 are
assumed to already be closed, but the SAVS inlet and outlet lines must then also isolate.
Isolation of these additional lines requires manual action; i.e., success of Top Event OIB.
Failure of Top Event OIB during a containment isolation test then guarantees failure of
Top Event CI because the SAVS system is not automatically isolated.
Success of Top Event CI is assumed to result in the successful isolation of all six lines
and of the SAVS lines if necessary. Failure of Top Event CI is interpreted as a loss of
RCB leak tightness, with no chance for RCB building pressure to exceed the design limit
of 10.3 kPa(g). However, even if CI fails, the normal and active extract ventilation
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systems are assumed to be isolated when Top Event OIB is successful; i.e., no credit is
given for continued filtration using these systems.
Top Event SC —1/3 Space Conditioners Operate. Usually two of three space
conditioner systems are operating when the reactor is at power. The third system is in
standby, and must be manually initiated if required. The operator action to initiate the
third train, if required, is included in the model for this top event. Success of this top
event requires that one of the three space conditioner systems operates after fuel damage
to limit RCB pressure. Depending on the RCB leak rate, the space conditioners may not
be needed to limit RCB pressure to less than the test pressure of 10.3 kPa(g),
(Reference 5.1-10) let alone the estimated realistic failure pressure of 20.7 kPa(g) if the
butterfly valves close; i.e., Reference 5.1-9.
The RCB leak rate has been repeatedly measured through out the years. Although higher
values have been recorded in the more distant past, in the last several years the RCB leak
rate has been consistently measured as less than 1 % per day. Calculations in
Reference 5.1-10 have suggested that a leak rate of about 1.5% per day is required to
limit the isolated RCB pressure to less than 10.3 kPa(g), without operation of the space
conditioners.
Therefore, it is conservatively assumed that operation of one space conditioner is
required to limit the RCB pressure during fuel damage scenarios with the RCB isolated;
i.e., that the building leak rate alone is not sufficient to limit the pressure buildup. The
mission time for the space conditioner systems is taken to be TM hours.
This system is not required if fuel damage does not occur, or if adequate decay heat
removal is provided by the heat exchangers. When the fuel is successfully cooled by the
heat exchangers (i.e., when Top Event NFD is success), the heat load on the containment
is minimal. If the containment does not isolate, this system is also not required to limit
RCB pressure.
However, if there is no fuel damage but fuel cooling is provided by RAT flooding, the
decay heat will be transferred to the plant room and eventually to the RCB. It is assumed
that the temperature of the water used for RAT flooding will still remain low (i.e., large
amounts of water will be used), so that the RCB pressure will not increase significantly,
even without the space conditioners operating.
Top Event HXC — Heat Exchanger Cooling from Outside after Fuel Damage.
Following fuel damage with the containment isolated and the space conditioners
unavailable, sufficient heat removal from the RCB to limit containment pressure might
still be accomplished via the heat exchangers. The envisioned heat removal would come
as a result of condensation on the outside of the heat exchanger, located in the heavy
water plant room; i.e., not from the normal heavy water circuit. The specific amount of
heat removal likely to be transferred in this way would depend on the specific
progression of the accident, and the possible relocation of the failed fuel. This
phenomena is not the subject of this study. This mode of cooling would not rely on the
operators opening the heavy water plant room door, which would not be possible at the
radiation levels resulting from fuel damage.
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Therefore, for now, this event is assumed to be always failed. Future Level 2 analyses
may wish to consider the potential cooling via this mode for specific accident sequences.
If this top event is successful, then the accident sequence response is similar to that of a
successful response by the space conditioner units. Failure of this event, along with the
failure of the space conditioners (i.e., Top Event SC fails) is assumed to eventually
require RCB venting in order to prevent RCB failure. RCB atmosphere cooling via the
heat exchangers is not required to limit RCB pressure if the containment fails to isolate.
•

Top Event OIA — Operators Isolate Compressed Air System to RCB. This top
event is asked when the RCB is successfully isolated. The compressed air system must
be manually isolated to limit the buildup of pressure in the RCB caused by losses from
the air system. This top event includes consideration of the valves that must close to
isolate compressed air from the RCB. In addition, this event models the operator action
to isolate nonessential electric loads within containment. Isolation of the electric loads
reduces the amount of heat which must be removed from the RCB.
Successful isolation of the RCB, the compressed air system, and the electric loads along
with success of the space conditioners ensures that RCB pressure is acceptably low, RCB
integrity is maintained, and that the resulting leak rate is low. Failure to isolate the
compressed air system to the RCB and of the electric loads (i.e., failure of Top
Event OIA) will lead to the buildup of RCB pressure, and is assumed to then necessitate
manual venting to the environment to relieve RCB pressure.

•

Top Event OV — Operators Align SAVS/Vent Pressure Buildup in RCB. The
manual action to use S AVS to vent the RCB is modeled by this top event. This action is
required when the RCB is isolated and either the compressed air system has not been
isolated, or the space conditioners are unable to remove sufficient heat to limit the RCB
pressure to less than 10.3 kPa(g). The equipment responses required are modeled in Top
Event SV.
Failure of this top event implies that RCB pressure exceeds the test pressure, and that
RCB overpressure may result. Failure of the RCB due to overpressure would preclude
filtration of any activity in the RCB atmosphere. Success of this top event, along with
that of the following top event (i.e., SV) implies that RCB pressure is limited to
acceptable levels, and that activity present in the RCB atmosphere is filtered before it is
released to the environment.
If the RCB is not isolated, but the normal ventilation system fails with or without success
of the active extract ventilation system, the operators may elect to initiate SAVS so as to
assure filtered release of the RCB atmosphere. However, this action is not
proceduralized and therefore not considered further.

•

Top Event SV — Standby Active Extract System Operates for Venting. This top
event models the equipment of the standby active ventilation system (SAVS). It includes
consideration of the portions of the active extract ventilation system that are required for
success of SAVS; i.e., the filter assemblies and the two extract fans. This system may be
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aligned for the fraction of time that the containment isolation system is being tested; i.e.,
when Top Event TES is failed. For this case, assuming that the RCB has not been
isolated, the system need only continue to operate for the mission time, assumed to be
TM hours. Success of Top Event SV then implies that any release to the RCB
atmosphere is filtered prior to release to the environment.
If the containment isolation test was not in progress (i.e., Top Event TES was successful)
or if the RCB was isolated during the accident sequence, then this top event models the
equipment responses needed to align S AVS and have it operate for TM hours. The
operator action for the alignment of SAVS is considered earlier via Top Event OV.
Failure of this top event would then result in the failure to vent the containment, possibly
leading to loss of RCB integrity.
5.1.3 General Transients Occurring during Other Plant Operating States with
Fuel in the Reactor
The above top event descriptions apply when the reactor is at full power; i.e., POS-5, Startup and
Full-Power Operation. The following describes the changes to these events when the same event
trees are used to represent accident sequences originating from four other plant operating states:
POS-1, Planned Reactor Shutdown - Cooldown Period; POS-2, Planned Reactor Shutdown Maintenance Period; POS-3, Low Power Operation - Before and After Fuel Replacement; and
POS-4, Fuel Replacement. The branch probability changes needed for these event tree structures
to represent POS-2 through POS-4 are described below.
The GENTRANS and late event trees are not used to represent the remaining plant operating
states (i.e., POS-6 through POS-13). These states are not concerned with the fuel while it is
inside the RAT.
5.1.3.1 POS-1: Planned Reactor Shutdown — Cooldown Period
The key differences between this plant operating state and POS-5 reflect the different system
states for the initial 24 hours of a shutdown. In particular, the CCAs are already inserted.
Therefore, Top Event CCA is guaranteed successful.
The two heavy water shutdown pumps modeled in Top Event D2O are already running, and so
do not have to start if a disturbance occurs. The main heavy water pumps are not to be run while
the RAT is isolated from the helium system. Isolation is completed soon after plant trip. The
operators might still de-isolate the RAT, and then restart the main heavy water pumps. No credit
is given for this action in the base event tree models. Therefore, the main heavy water pumps are
not considered when evaluating Top Event D2O or RED.
The main heavy water nonreturn valves have already closed, and need not reseat again; i.e., Top
Event NRV is guaranteed successful.
Finally, the initial state of the light water cooling system (i.e., represented in Top Event H2O) is
that one main light water pump is operating, with the two shutdown pumps are in backup. The
mains water cooling system is not normally aligned initially; i.e., Top Event NMW is guaranteed
successful. However, if the 6-month pond cleaning is undertaken, then mains water cooling is
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aligned soon after plant shutdown. In this case, the simplifying assumption is made that mains
water is aligned to the heat exchangers for the entire 24-hour period of POS-1.
5.1.3.2 POS-2: Planned Reactor Shutdown — Maintenance Period
The key differences between this plant operating state and POS-5 reflect the different system
states for shutdown conditions more than 24 hours after plant trip, but with the reactor not at low
power and with fuel replacement not in progress.
In particular, the CCAs are already inserted. Therefore, Top Event CCA is guaranteed
successful.
The two heavy water shutdown pumps modeled in Top Event D2O, are already running, and so
do not have to start if a disturbance occurs.
The main heavy water pump nonreturn valves have already closed, and need not reseat again;
i.e., Top Event NRV is guaranteed successful.
Finally, the mains water cooling system is initially aligned to the secondary side of one heat
exchanger during this plant operating state; i.e., Top Event NMW is failed. The normal light
water cooling system normally remains as a backup, as modeled in Top Event REH. However, if
the 6-month pond draining is to be performed, light water cooling is not available after 24 hours
because the pond is drained below the light water shutdown pump suction level.
5.1.3.3 POS-3: Low Power Operation — Before and After Fuel Replacement
The key differences between this plant operating state and POS-5 reflect the different system
states for low power operating conditions, which occur more than 60 hours after plant trip. The
system configurations for both the first and second periods of low power operation during a
shutdown are conservatively modeled by the conditions of the first. It is recognized that some
systems are likely to be available during the second period that would not be during the first
because of the intent to startup the reactor once the required tests are completed. This
approximation is conservative but not overly so.
In particular, the CCAs are initially inserted but raised during this operating state. Therefore,
Top Event CCA is still of interest. Significant positive reactivity insertions may occur when the
reactor is nearly critical.
The two heavy water shutdown pumps modeled in Top Event D2O, are already running, and so
do not have to start if a disturbance occurs. The main heavy water pumps are not to be run while
the RAT is isolated from the helium system. The operators might de-isolate the RAT, and then
restart the main heavy water pumps. No credit is given for this action in the base event tree
models. Therefore, the main heavy water pumps are not considered when evaluating Top
Event D2O or RED.
The main heavy water nonreturn valves have already closed, and need not reseat again; i.e., Top
Event NRV is guaranteed successful.
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Finally, the mains water cooling system is aligned to the secondary side of one heat exchanger
during this plant operating state; i.e., Top Event NMW is failed. The normal light water cooling
system remains as a backup, as modeled via Top Event REH. However, if the 6-month pond
draining is to be performed, light water cooling is not available after 24 hours; i.e., because the
pond is drained below the light water shutdown pump suction level. Plant operational limits and
conditions (OL&C) do not preclude isolation of the light water cooling system during low power
operation.
5.1.3.4 POS-4: Fuel Replacement
The key differences between this plant operating state and POS-5 reflect the different system
states during fuel replacement. The system conditions are similar to those for POS-2, Planned
Reactor Shutdown - Maintenance Period.
In particular, the CCAs are already inserted. Therefore, Top Event CCA is guaranteed
successful.
The two heavy water shutdown pumps modeled in Top Event D2O are already running, and so
do not have to start if a disturbance occurs. The main heavy water pumps are not to be run while
the RAT is isolated from the helium system as is required during fuel replacement. The
operators might still de-isolate the RAT, and then restart the main heavy water pumps. No credit
is given for this action in the base event tree models. Therefore the main heavy water pumps
should not be considered when evaluating Top Event D2O or RED.
The main heavy water nonreturn valves have already closed, and need not reseat again; i.e., Top
Event NRV is guaranteed successful.
Finally, the mains water cooling system is initially aligned to the secondary side of one heat
exchanger during this plant operating state; i.e., Top Event NMW is failed. The normal light
water cooling system remains as a backup, as modeled via Top Event REH. However, if the
6 month pond draining is to be performed, light water cooling is not available after 24 hours; i.e.,
because the pond is drained below the light water shutdown pump suction level.
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Table 5.1-1. Times to Reach Indicated Conditions Given Loss of All Cooling4
RAT Condition after Loss
of All Cooling

RAT Isolated

RAT at Atmospheric
Pressure
16 Minutes

60°C
**
25 kPa(g)
30 Minutes
**
43 Minutes
40 Minutes
70°C
1.2 Hours
80°C
**
2.9 Hours
2.6 Hours
101.4°C (Saturation Temperature for
1 Atmosphere)
RAT at 220 kPa(g)
5.2 Hours
**
Level LI (157 cm)
7.4 Hours
**
Level L2 (116 cm)
29 Hours
**
Level at Downcomer (99.3 cm)
40 Hours
**
Level at Top of Fuel (96.5 cm)
42 Hours
**
* Assumed adiabatic heatup conditions; no active or passive cooling of heavy water is credited.
RAT upper plenum pressure initially at 1.5 kPa(g), heavy water bulk temperature initially at
50°C, and heavy water level initially at 172 cm.
**Results of condition not computed or not relevant to indicated case.
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ASSUMED

13.2.2.7/3
also NH193,
NH227
RECOVERY OF D2O
OR H2O FORCED
FLOW BEFORE PUMP
TEMPERATURE
LIMITS EXCEEDED

STABLE TRITIATED
RELEASE TO DPR
AND RCB; NO FUEL
DAMAGE

TRANSFER
TO SHEET
4

RAT FLOODING
ARMED AND
INITIATED (1 - 2
L/SEC) BEFORE
FUEL UNCOVERY

SSUME RELIE
CAPACITY
GREATER THAN
2 (I/sec)

STABLE, TRITIUM
RELEASED TO DPR
AND RCB; NO FUEL
DAMAGE

TRANSFER
TO SHEET
4

RED/REH

RAT LEVEL
FALLS DUE TO
BOIL OFF

TRANSFER
TO SHEET
5

Figure 5.1-1 (Page 3 of 5). Event Sequence Diagram for General Transients
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TRITIATED
RELEASE OF
D2O VAPOR TO
DPR/RCB

TRITIATED
RELEASE WITH
RCB ISOLATED,
NO FUEL
DAMAGE

OPERATORS HAVE
PREVIOUSLY OR NOW
INITIATE SEALING OF
THERCB

RAT LEVEL
ALWAYS
ABOVE L2
EVC

INCREASED
LIKELIHOOD OF
MANUAL
CONTAINMENT
ISOLATION

NORMAL
VENTILATION
OPERATES
NV

OPERATORS START
FAN OR ALIGN
FILTER TRAIN OF
STANDBY TRAIN
OFN

ACTIVE EXTRACT
VENTILATION
OPERATES
AE

OPERATORS START
FAN OR ALIGN
FILTER TRAIN OF
STANDBY TRAIN
OFN

CIS TEST IN
PROGRESS AT
START OF
ACCIDENT

FILTERED/TRITIATED
RELEASE; NO FUEL
DAMAGE

SAVS
OPERATES
SV/O
TES

V

RCB ISOLATION
FAILS; VENT NOT
AVAILABLE;
TRITIATED
RELEASE; NO
FUEL DAMAGE

Figure 5.1-1 (Page 4 of 5). Event Sequence Diagram for General Transients
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NH193

AUTOMATIC
CONTAINMENT
ISOLATION ON
HIGH RADIATION

SECONDARY
SIDE OF HX'S
NOT ISOLATED

FUEL DAMAGE
HAS
OCCURRED

MANUAL ISOLATION OF
COMPRESSED AIR SUPPLIES
FROM ECR AND ISOLATION
OF NON-ESSENTIAL
ELECTRICAL LOADS INSIDE
RCB

LEAK < 3%/DAY
IF RCB REMAINS
INTACT

CIB.CI

OPERATORS HAVE
PREVIOUSLY OR N O W
SEAL THE RCB BY

NORMAL
VENTILATION
OPERATES

ASED
PRESSURE
EXCEEDS 10.3
kPa

DEENERGIZING FAIL
CLOSED VALVES

NV

OIB

RCB ISOLATION \
FAILS; FILTERED,
\
IMMEDIATE
\
RELEASE OF
/
FUEL INVENTORY /

ACTIVE EXTRACT
VENTILATION
OPERATES

I

OSSIBLE DELAYE
FAILURE OF RCB,
UNFILTERED
RELEASE OF FUEL
INVENTORY

AE
NH 193/16

CIS TEST IN
PROGRESS

AT LEAST 1 OUT
OF 3 SPACE
CONDITIONERS
OPERATE

SAVS OPERATES

COMPRESSED
AIR ISOLATED
PREVIOUSLY

RCB ISOLATION
FAILS; VENTILATION
AVAILABLE;
IMMEDIATE
RELEASE OF FUEL
INVENTORY

' RELEASE OF
FUEL
INVENTORY
FROM INTACT
RCB

OIA

SV

TES

CONTAINMENT
INTEGRITY
ASSURED

\
\
\
/

D2O CONDENSATION
ON OUTSIDE OF
COOLED HX, AFTER
FUEL DAMAGE

/

HXC

/
NH196/1-10 V

)I

OPERATORS USE
SAVS TO VENT
RCB BEFORE
P»10.3kPA

FILTERED,
DELAYED
RELEASE OF
FUEL INVENTORY
OV/S

PRESSURE
RISES TO FAIL
RCB

UNFILTERED
RELEASE OF
FUEL
INVENTORY AT A
HIGH LEAK RATE

" ELECTRICAL LOADS SHED
ARE:
DB102, DB104-TRAINA

Figure 5.1-1 (Page 5 of 5). Event Sequence Diagram for General Transients
\DIST\REPORT\SECT 5.1.DOC.01/14/98
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• IE

ORT

RTf>

UTS

CCA

Sit

NftV

020

IMU

H20

ME

LLP

RED

REH

ORf

BO
1
2

s
4
s

6
7
S
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
3S
34

X1
X2
X3
X4
XS

X6
X4
X4
X4
X7
X16
X16
X16
XB
X9
X10
X12
X13
X14
X1S
X15
XK
X12

1
2
3
4
5
6-9
10-17
18-34
35
36-38
39-42
43
44
45
46-48
49
SO-52
53-55
S6-SS
59-68
69
70-71
72-73
74-75
76-82
83-130
131-260
261-520
521-1040
1041-2080
2081-4160
4161-6240
6241-72S0
7281-7540

ORT - MANUAL REACTOR TRIP SIGNAL
RTP - AUTOMATIC TRIP SIGNAL - PRIMARY GUARD
RTS - AUTOMATIC TRIP SIGNAL - SECONDARY GUARD
CCA - COARSE CONTROL ARMS INSERT
SR - SAFETY RODS DROP
NRV - 2/2 MAIN D2O PUMP NON-RETURN VALVES RESEAT
D2O - MAIN D2O PUMPS CONTINUE OR 1/2 D2O SHUTDOWN PUMPS START AND OPERATE
NMW - MAINS WATER COOLING NOT INITIALLY ALIGNED FOR HEAT EXCHANGER
COOLING
H2O - 1/3 MAIN H2O PUMPS OR 1/2 SHUTDOWN H2O PUMPS
HE - HELIUM GAS HOLDER AUTOMATICALLY ISOLATES
LLP - LIQUID LEVEL PUMP OPERATES
RED - RECOVERY OF D2O FORCED FLOW
REH - OPERATORS ALIGN BACKUP H2O COOLING WATER (MAINS WATER OR NORMAL
COOLING FLOW) TO ONE HEAT EXCHANGER
ORF - OPERATORS INITIATE RAT FLOODING
BD - RAT PRESSURE RELIEF PRIOR TO RAT OVERPRESSURE

Figure 5.1-2. General Transient Early Event Tree (GENTRANS)
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I IE

N3H MFD TES EVC OFN MV

AE

01$ C1B C!

SC

-X5-

HXC 01A 01 SV
1
2
3
4

-X1-

5

-X8-

6 X1
7
8
9 X2
10 X3
11

-X2-

12
13 X4
14 X4
15 X5
16 X6

X10-

17

-X7-

18
19
20 X7
21 X8

22 X9
23
24
25 X10

-X14

X13

X12-X11-

-X18-

-X1S-

26 X1
27 XI
28
29

1
2
3
4
5
6-9
10
11
12-13
14-25

26
27
28-53
54-79
80-157
158-313

314
315
316
317-319
320-323
324-333

334
335
336-357
358-361
362-365

30

366
367
368

31 XII

369-371

32
33
34
55
36 X12
37 X13
38 X14

372
373
374

39
40
41
42
43 X15
44 X15

502
503
504

45

514
515
516

46

47
48
49
SO
51 X16
52 X17
53 X18

375
376-393
394-429
430-501

505
506-509
510-St3

517
518
519
520-537
538-543
544-585

N3H - SWITCH: NO TRITIUM RELEASED FROM RAT IN EARLY TREE
NFD - SWITCH: NO FUEL DAMAGE IN EARLY TREE
TES - RCB ISOLATION TEST NOT IN PROGRESS AT START OF ACCIDENT
EVC - SWITCH: CONDITIONS FOR EVACUATION OF THE RCB EXIST
OFN - OPERATORS MANUALLY ALIGN STANDBY VENTILATION TRAIN
NV - NORMAL VENTILATION CONTINUES
AE - ACTIVE EXTRACT VENTILATION CONTINUES
OIB - OPERATORS MANUALLY ISOLATE REACTOR CONTAINMENT BUILDING
CIB - AUTOMATIC/MANUAL ISOLATION OF THE BUTTERFLY VALVES ON THE FIVE PENETRATIONS WITH
WATER SEALS
CI - AUTOMATIC/MANUAL CONTAINMENT ISOLATION ON HIGH RADIATION
SC -1/3 SPACE CONDITIONERS OPERATE
HXC - HEAT EXCHANGER COOLING FROM OUTSIDE AFTER FUEL DAMAGE
OIA - OPERATORS ISOLATE COMPRESSED AIR SYSTEM TO RCB
OV - OPERATORS ALIGN SAVS/ VENT PRESSURE BUILDUP IN RCB
SV - STANDBY ACTIVE EXTRACT SYSTEM OPERATES FOR VENTING

Figure 5.1-3. Late Event Tree
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5.2 Accident Sequence Models for Leaks
As described in Section 4.5.2, the initiator category of leaks refers to events for which an initial
leakage from the heavy water circuit first disturbs the plant from its initial operating state. In
this study, the reactor is assumed to trip successfully, thereby controlling any positive reactivity
insertions.
There are several types of leaks that are considered, as identified in Section 4.5.2. Unique
accident sequence models were developed for the following categories of leaks:
1.
2.
3.
4.
5.
6.

Leaks to the heavy water plant room (DPR).
Heavy water leaks to the reactor steel tank (RST).
Heavy water leaks outside the heavy water plant room.
Leaks from the heavy water circuit to the light water circuit via the heat exchangers.
Weir line leaks inside the RAT.
Weir line leaks outside the RAT.

Leak categories 2 through 5 differ from leaks to the heavy water plant room in that the leak flow
is not directed to the heavy water plant room sump and therefore is not available to the suction of
the scavenge pumps for return to the RAT. Category 6 leaks are unique in that even with no
intervention, the leak flow will still terminate once the RAT level drops below the weir line.
In this section, the event sequence diagrams for the above six types of leaks are first presented,
followed by a presentation of the early and late frontline event tree top events used to describe
the accident sequences. The models are described for plant operating state POS-5. In
Section 5.2.4, the changes needed to represent POS-1, POS-2, POS-3, and POS-4 are then
presented. It turns out that the event tree structures and definitions used for POS-5 can also be
used for these other four plant operating states when the fuel is located in the reactor.
5.2.1 Event Sequence Diagrams for Leaks
Event sequence diagrams are presented in the same order for each of the six categories of leaks
listed in the previous section. Plant operators are trained to shutdown the reactor and
immediately plan for isolation of the leak, as soon as there is confirmation that a leak is in
progress. Control room indications of a leak include heavy water leak alarms, loss of weir flow,
RAT level indication, main heavy water storage tank (1V3) level indication, tritium content in
the heavy water plant room, and wet sump alarms.
For unisolated leaks where tritium levels in the RCB are not excessive, it may be possible to
limit the time required for operation of the ECCS systems by unloading the fuel from the RAT
and storing it in the No. 1 Storage Block. This possibility is described in Section 7.3.4 of
Reference 5.2-1. However, no credit for unloading the fuel during a leak is assumed in this
study. This action is not discussed in the accident procedures; it would violate plant operating
conditions to unload fuel sooner than 48 hours after plant shutdown, and as mentioned in
Reference 5.2-1, it may exacerbate the sequence of events for some leak sizes and locations.
Therefore, none of the ESDs or frontline event trees for leaks consider this action.
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5.2.1.1 Leaks to the Heavy Water Plant Room (DPR)
The event sequence diagram (see Section 3.4.2 for a discussion of event sequence diagrams) for
heavy water leaks to the plant room is presented in Figure 5.2-1. Leaks to the heavy water plant
room can range in size from very small leaks to very large leaks that exceed the capacity of both
scavenge pumps; i.e., greater than 24 liters per second. These leaks may originate from the
downcomers, the risers, or any of the piping that connects to the heavy water circuit and
penetrates the heavy water plant room. The larger leak sizes may drain the fuel element
channels, or lower the RAT level down to the lip of the downcomers while leaving the fuel
element channels full, depending on the leak location; i.e., upstream or downstream of the heavy
water pump nonreturn valves. Substantial discussions of such leaks may be found in
References 5.2-1 and 5.2-2.
This group of leaks also includes leaks from the RAT drain line. Per Reference 5.2-3, the drain
line leaks were initially thought to be limited to 6 liters per second by the drain line size.
Subsequent investigation showed that the drain line sleeve where the drain pipe penetrates the
RST was smaller in diameter, effectively limiting drain line leaks to the heavy water plant room
to less than 1 liter per second. Though the flow from drain line leaks would also collect in the
heavy water plant room, such leaks have two unique properties that must be considered. First,
drain line leaks to the plant room may lead to false low RAT level indications. Second, the leak
flow would continue to lower the RAT level below the top of the downcomers, since the drain
line is off the bottom of the RAT. Since drain line leak rates are within the capacity of even a
single scavenge pump, the latter point is not significant.
Page 1 of Figure 5.2-1 covers the early sequence of events following a leak to the heavy water
plant room. For leaks greater than the LLS makeup rate, a reactor trip signal may occur on the
RAT level being less than L1. For smaller leaks, the reactor trip may first be manually initiated
since the drop in level is delayed. The operators would be alerted to the leak by leak detectors
installed at many places in the heavy water plant room and, if the RAT level were to decrease, by
the loss of flow alarm in the weir, loss of flow in the overflow line, and by a low level alarm set
6 cm above LI; per Reference 5.2-3. Leaks combined with the failure of the reactor to trip are
not considered in the ESD. The combined frequency of a leak together with a failure of the
reactor to trip, particularly since there are no dependencies between these two events, is judged
low enough that such sequences need not be considered further.
The ESD shown in Figure 5.2-1 considers the plant responses to address: RAT inventory
control, isolation of the leak, heavy water circulation, and light water circulation through the heat
exchangers. Backup actions to address these required safety functions, if needed, are also
depicted. The ESD shows the different sequence of events should the RAT level remain above
level LI, fall between level LI and level L2, or fall below level L2.
To simplify the event tree models, and the quantification of failure probabilities for operator
actions, the event tree models conservatively neglect consideration of leak isolation prior to
level LI. Instead, only isolation before level L2 is considered. This is conservative because for
small leaks, the operators would likely have time to respond before the level falls below LI.
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If earlier in the sequence the operators evacuated the RCB, successful isolation of the leak would
then require reentry to the RCB. This is considered in the evaluation of the operator recovery
actions.
The ESD indicates that the initial response of RAT level to a leak is dependent on the leak size
and the availability of the LLS pump. If the leak is small, and the LLS pump operates, then a
decrease in RAT level would be delayed until the contents of the main heavy water storage tank
(1V3) are transferred to the RAT. Though not proceduralized, one action the operators may take
is to bypass the normal flow from the LLS pump to the ion exchange columns. This would
increase the rate of makeup from the main heavy water storage tank. This would maintain level
for somewhat larger leak rates but the total inventory that would be transferred in this way would
be the same. Therefore, this action is not considered further.
A signal to trip the normally operating main heavy water pumps would come from ECCS on low
level (LI) in the RAT and by the operators. The event sequence models do not track the failure
of these signals. Instead, the pumps are conservatively assumed to be tripped off when RAT
level falls below level LI.
If the leak is successfully isolated prior to the RAT level falling below L2, the event tree models
do not consider further the actions required to cool the fuel. This is a simplifying assumption.
The risks from sequences involving failure to maintain heat removal after successful isolation are
neglected by comparison with higher frequency sequences with similar impacts that are modeled
as general transients. The reader is referred back to the discussion of event sequence models for
transients in Section 5.1.
Sequence paths involving successful isolation of the leak before level L2 are transferred to
page 4 of the ESD for general transients (see Figure 5.1-1 in Section 5.1) to consider the
response of the RCB active containment systems. Such sequences do not lead to fuel damage.
Release to the RCB is limited to the tritium in the heavy water that escapes before isolation is
accomplished.
After the initiation of this study, it was discovered that the return flow from the heavy water
plant room provided by scavenge pump 1P3/1 (i.e., the train A pump) was directed to a helium
balance line that empties into the RAT upper plenum directly over the weir line inlet. Therefore,
some portion of the return flow from the scavenge pump would be directed to the 1V3 tank until
the weir line was isolated by the operators. If the leak itself was not isolated and if the operators
also failed to isolate the weir line, then for any appreciable size leak to the heavy water plant
room, scavenge pump 1P3/1 would continue to transfer a portion of the leakage from the plant
room sump to the 1V3 tank via the weir line. This diversion of heavy water from the RAT could
continue until the RAT level dropped enough to uncover the fuel. The rate of transfer would be
limited by the minimum of the leak rate itself (or the portion thereof which is returned to the
RAT by pump 1P3/1 if both scavenge pumps are operating), or 1 liter per second, which is the
estimated maximum flow rate through the weir line. Successful manual intervention is therefore
required to prevent fuel uncovery for leaks to the heavy water plant room.
For leaks to the plant room in which the weir line is isolated but the leak itself is not isolated,
two different conditions are considered. If the RAT heavy water level is above L2 and initial
inventory control is provided, then the sequence of events transfers to page 3 of Figure 5.2-1.

\DISTAREPORT\SECT 5.2.DOC.01/14/98

5.2-3

The heavy water shutdown pumps can continue to operate when RAT level remains above L2. If
the RAT level is less than L2 because inventory control is not adequate, then the sequence of
events transfers to page 2 of Figure 5.2-1. For these sequences, the heavy water shutdown
pumps are tripped and evacuation of the RCB is required.
Page 2 of Figure 5.2-1 considers further the question of inventory control as a function of leak
size and location. A unique feature of HIFAR is that even large leaks to the plant room do not
necessarily result in the loss of fuel cooling. Flow to the plant room must first either cool the
fuel on its way through the fuel elements, or enter the downcomers, the entry point for which is
above the fuel elements. Therefore, if the scavenge pumps are operating, adequate fuel cooling
may be achieved, even for leak sizes greater than the makeup capacity of the scavenge pumps.
If a large leak is located downstream of the pump nonreturn valves, the fuel element channels
will drain through the leak area. RAT heavy water level outside the fuel elements will fall to the
top of the downcomers. In this case, two scavenge pumps may be required to supply cooling
flow to the fuel element rings, which are then no longer immersed in water. The outside of the
fuel elements are, however, surrounded by heavy water. For this leak sequence, a form of heat
removal involving film cooling and termed "Wolter's cooling" is relied on; i.e see Section 7.3 of
Reference 5.2-1.
However, if the fuel element nozzles leak excessively, or if a fuel element is being replaced at
the time of leak initiation and is lifted off its seat, then excessive bypass flow may occur and the
fuel may not be adequately cooled. These possibilities are considered in the ESD.
For smaller leak sizes (i.e., less than 1-2 liters per second), the RAT flooding system can
potentially inject enough water to control heavy water inventory and level. Failure of inventory
control results in fuel damage, and is transferred to page 5 of the general transient ESD
(Figure 5.1-1) for consideration of the response of RCB active containment systems.
Sequences involving successful inventory control are then transferred to page 3 of Figure 5.2-1
to determine the status of heat removal. If RAT heavy water level remains above L2, the heavy
water shutdown pumps may still operate to provide forced circulation of the heavy water through
the heat exchangers. Sequences involving successful heat removal are then transferred to page 4
of the ESD for general transients (Figure 5.1-1). In such sequences, the release to the RCB is
limited to the tritium initially contained in the heavy water circuit. No fuel damage occurs.
If RAT heavy water level falls below L2, or if the heavy water shutdown pumps fail, then page 2
of Figure 5.2-1 considers the different heavy water flow possibilities to achieve heat removal via
the heat exchangers. These possibilities are a function of break size and location, relying on
gravity driven flow through the heat exchangers.
If inventory control is sufficient, heat removal via the shield cooling system is possible. Past
safety analyses for HIFAR have not credited shield cooling as an alternative cooling mode for
the RAT. However, it is apparent that the system has adequate heat removal capacity provided
fuel temperatures are limited by the surrounding water. Shield cooling is not believed sufficient
alone to prevent the bulk heavy water temperature from reaching saturation. However, once
boiling begins, the condensation of heavy water steam on the bottom of the master plate, cooled
from above by shield cooling, should provide sufficient heat transfer to limit RAT pressure
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buildup and subsequent boil off. This alternative cooling mechanism has not been investigated
in detail. It is, therefore, conservatively not considered further in this assessment.
The ESD also shows a possible cooling mechanism involving heavy water condensation on the
outside of the heat exchangers in the plant room. No credit is given for this option. It is judged
insufficient alone to prevent fuel damage.
Sequence paths resulting in complete failure of either heavy water or light water circulation
result in the transfer to page 3 of Figure 5.2-1. The events on page 3 consider the plant responses
needed to address recovery actions, especially the alignment for RAT flooding. A key
consideration in this alignment is to ensure that an adequate relief path for the injected flow is
available. Successful recovery actions, are seen to terminate with no release. Successful RAT
flooding ensures that the fuel is protected, but that tritium contained in the heavy water is
released inside the RCB.
Page 3 of Figure 5.2-1 also indicates that the operators may flood the plant room with light
water, and rely on the scavenge pumps to return the added light water plus heavy water from the
leak back to the RAT. The makeup rate is still limited to 1 or 2 liters per second. Plant room
flooding is of interest for large leaks in which gravity driven heavy water flow through the heat
exchangers is not available. By flooding the plant room, the circulated heavy water can be
cooled by partially submerging the heat exchangers in the plant room. Before the heat exchanger
heavy water bypass line was permanently opened, plant room flooding was relied on in the event
of a large leak upstream of the pump nonreturn valves. With the bypass line open, it is no longer
necessary. Gravity differences would now provide sufficient heavy water circulation through the
heat exchangers for long-term cooling of the fuel. Plant room flooding is included in the model
as a last resort cooling mode, in the event the heat exchanger bypass line fails to pass flow when
required.
Sequences involving failure of both RAT flooding and plant room flooding to provide adequate
heat removal are transferred to page 5 of the ESD for general transients (Figure 5.1-1). For these
sequences, the fuel is damaged, and the response of RCB active containment systems is
considered.
5.2.1.2 Heavy Water Leaks to the Reactor Steel Tank
If the RAT structure itself leaks, the leak flow is collected in the graphite space in the reactor
steel tank (RST), which surrounds the RAT. Figure 5.2-2 presents the sequence of events for
leaks to the RST. Such leaks are considered "contained" because the RST prevents the RAT
inventory from releasing tritium to the RCB or the environment. Levels in the RAT and the RST
equilibrate at some level less than the normal operating level. There is no flow to the heavy
water plant room, so the scavenge pumps play no part in the response to this class of leaks. An
independent review of the RST neoprene seals was performed to verify that they would be able
to hold the weight of the water plus any reasonable pressure loading. There may be slight
leakage from the seals, but this would not be large enough to affect the equilibrated RAT water
level. It was concluded that the seals would hold, and therefore that the RST's role in containing
any leaks would be adequate (Reference 5.2-4).
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The exact equilibration level depends on the void fraction of the reflector graphite, the amount of
heavy water absorption by the graphite, and the amount of makeup provided by the liquid level
system from the main heavy water storage tank. Section 7 of Reference 5.2-1 and
Reference 5.2-5 provide additional details on the assessment of the equilibration level. The
calculation of the equilibrated water level is complex, owing in part to the unique geometries of
the vertical and horizontal facilities, gaps in the graphite space, void fractions, and the amounts
of potential absorption into the graphite contained by the RST. PLG has reviewed the referenced
calculations. The computed equilibration level is found to be very close to the entry point for the
downcomers if no heavy water is added to the system. Because of the uncertainties involved in
the calculation, we acknowledge the computed level results but conservatively assume level
would instead equilibrate just below the downcomers rendering the heavy water main and
shutdown pumps initially unavailable.
With the available heavy water added from the main heavy water storage tank (i.e. 1V3), we
conclude that the equilibrated level would be above the downcomer entry, but very close to
level L2. References 5.2-1 and 5.2-5 conclude that the equilibrated level would be just above
L2. In this part of the calculation, there is the added uncertainty associated with the calibration
of the 1V3 tank inventory with measured tank level. We conservatively assume that the final
equilibrated level with the 1V3 inventory injected would be just below L2. This means that the
heavy water shutdown pumps would trip off. The model then takes credit for the operators using
the ECCS inhibit feature to restart a heavy water shutdown pump even though water is less than
level L2. Level would remain above the downcomers, so that adequate cooling could still be
established. The operators might add heavy water to the heavy water circuit from a storage
drum, but this action is not proceduralized and may not be possible to complete before level falls
below L2 for larger leak sizes. Therefore, it is not considered further.
Calculations documented in Appendix D indicate that even if the computed equilibrium levels
are correct, the LLS pump may not transfer inventory at a sufficient rate to keep the RAT level
above L2 if the leak rate to the RST is greater than about 2 liters per second.
The above modeling assumptions are clearly conservative but judged not overly so as a result of
the rather low estimated frequency of leaks to the RST and the availability of RAT flooding as
an alternate mode of cooling.
Page 1 of the ESD shown in Figure 5.2-2 considers the early plant response to leaks to the RST.
A key consideration is the ability of the RST to contain the leak. The integrity of the RST is
effectively monitored by the helium cover gas used to limit the exposure of the graphite reflector
to corrosive impurities. The leakage of helium from this cover gas is small, but not negligible.
The graphite helium system loses about 60 cubic meters per 28-day program cycle, according to
Section 3.6 of Reference 5.2-1. Therefore, some leakage of the tritiated heavy water from the
RST would be expected during this event, but not at a rate significant enough to challenge fuel
cooling.
In the absence of an external influence, the probability of losing the integrity of both the RAT
and the RST in the same event is deemed so low as to be neglected; based in part on reference
5.2-4. Should such an event occur in response to an outside influence (e.g., earthquakes), it is
assumed that fuel damage results.
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This page considers the addition of water by the liquid level system, forced circulation on the
heavy water side, and forced circulation flow on the light water side of the heat exchangers.
Success of all three functions results in a contained release, with no fuel damage. Failure of any
one of these functions, as well as the associated recovery actions, then requires makeup to the
RAT considered in page 2 of the ESD (Figure 5.2-2).
RAT flooding is considered in page 2 to accomplish both inventory control and heat removal.
The makeup capacity of RAT flooding (i.e., 1 to 2 liters per second) is more than sufficient to
accomplish both functions even without cooling of the heat exchangers. However, some relief
path is assumed required to permit RAT flooding to operate in the once through cooling mode.
Success of RAT flooding then transfers to page 4 of the general transient ESD (Figure 5.1-1),
and all of the tritium initially present in the heavy water circuit is assumed released to the RCB.
Failure of RAT flooding or of the relief path is conservatively assumed to result in fuel damage.
The fuel damage sequences are then transferred to page 5 of the general transient ESD
(Figure 5.1-1) for consideration of the response of the RCB active containment systems; i.e.,
normal and active extract ventilation, SAVS, and containment isolation.
5.2.1.3 Heavy Water Leaks outside the Heavy Water Plant Room
A review of the lines making up the heavy water circuit was conducted to determine which leak
locations were potential candidates to result in leaks outside the heavy water plant room. Leaks
with flow directed outside the heavy water plant room were found to fall into two categories:
1. Leaks that may be initially greater than 0.3 liters per second, but which cease flow after
RAT level drops below the weir line; e.g., filling station, ion exchange line, sample lines.
2. Leaks initially less than 0.28 liters per second (e.g., instrument lines that are mounted on
the experimental plant room outer wall in the RCB basement) but which continue to drain
the RAT even if RAT level falls below the weir line.
The former leaks are of little concern because the leak flow ceases automatically with the RAT
level very close to the normal level and the fuel remains covered. The latter category of leaks are
worth further consideration because the RAT can drain further and the flow lost through the leak
is not available for recirculation back to the RAT. In all cases, the latter category of leaks are of
the type in which the leak area uncovers after RAT level falls below the lip of the downcomers;
i.e., the leak rate dramatically decreases after level falls below the top of the downcomer, which
is still above the top of the fuel elements. Also, the smaller leaks outside the plant room can be
isolated by manually closing valves located in the heavy water plant room.
Because the leaks outside the heavy water plant room are all small, the liquid level system (LLS)
pumps can play a role in determining the time available for successful isolation. The operating
LLS pump can maintain the RAT level at the weir line until the low level cutoff is reached in the
main heavy water storage tank (1V3) and the pump is tripped. The RAT level then continues to
fall at a rate determined by the leak rate until level reaches the top of the downcomer, or until
makeup is provided.
The ESD for heavy water leaks to the plant room is shown in Figure 5.2-3. Page 1 covers the
initial plant response. The LLS pump, manual isolation of the leak, heavy water forced
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circulation through the heat exchangers, and light water forced circulation through the heat
exchangers are all considered. Sequences involving successful leak isolation and the
establishment of heat removal are transferred to page 4 of the general transient ESD
(Figure 5.1-1). Some of the heavy water tritium is released to the RCB, but no fuel is damaged
for such sequences. The events required to ensure heat removal after successful leak isolation
are not considered in the event trees. Sequences involving failure of these events are enveloped
by higher frequency sequences of the same impact that are modeled by the GENTRANS event
tree. Therefore, further development of these sequences can be neglected.
The operators, or an ECCS signal, should trip the main heavy water pumps when level falls to
LI. The model conservatively assumes that the pumps are successfully tripped off when RAT
level falls below level LI. This poses a challenge to the heavy water shutdown pumps to start
and operate to provide backup forced heavy water circulation.
If the leak is not isolated, or if heat removal is not available, some form of makeup is required to
keep the fuel cooled. For these sequences, the ESD transfers to page 2.
RAT flooding is considered in page 2 to accomplish both inventory control and heat removal.
The makeup capacity of RAT flooding (i.e., 1 to 2 liters per second) is more than sufficient to
accomplish both functions even without cooling of the heat exchangers. However, some relief
path is assumed required to permit RAT flooding to operate in the once through cooling mode.
Success of RAT flooding then transfers to page 4 of the general transient ESD (Figure 5.1-1),
where all tritium initially present in the heavy water circuit is assumed released to the RCB.
Failure of RAT flooding or of the relief path is conservatively assumed to result in fuel damage.
The fuel damage sequences are then transferred to page 5 of the general transient ESD
(Figure 5.1-1) for consideration of the response of RCB active containment systems; i.e., the
normal and active extract ventilation, SAVS, and containment isolation.
5.2.1.4 Leaks from the Heavy Water Circuit to the Light Water Circuit via the Heat
Exchangers
The boundary between the heavy water and light water cooling circuits raises the possibility that
the heavy water may leak from the heavy water circuit into the light water secondary circuit via
the heat exchangers. The pressure difference from the heavy water to light water sides of the
heat exchangers under normal power operating conditions is at least 50 kPa, per Reference 5.2-6.
These leaks would likely be limited to less than 0.7 liters per second, as documented in
Section 7.3.6 of Reference 5.2-1. It is common in PSA to evaluate a leak size equivalent to one
offset tube, a rather severe event very unlikely to be experienced in practice, and to
conservatively apply the model developed for such sequences to all significant heat exchanger
leaks. This approach is judged to be conservative because experience at HIFAR and other plants
indicates that most heat exchanger leaks have flow areas much smaller than that represented by
an offset tube.
For leaks via the heat exchangers, the flow rate is a function of the pressure drop across the heat
exchanger as well as the leak area. During power operation and whenever the main or shutdown
heavy water pumps are operating, the heavy water pressure is greater than the light water circuit
pressure at the heat exchangers, and so leak flow is from the heavy water circuit into the light
water circuit. If the heavy water circulation pumps stop, but the light water circulation pumps
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continue, then the flow would reverse and enter the heavy water circuit. No adverse safety
consequences of light water inleakage flow into the heavy water circuit have been identified.
However, alternate heat removal must be established to compensate for the loss of heavy water
forced circulation.
Large heat exchanger leaks can be detected by the change in level in the RAT and the main
heavy water storage tank (1V3). For smaller leaks, where inventory control is not a problem,
detection is made by monitoring the release of tritium and activated nitrogen through the
secondary side. Monitors for these are available in the main control room.
The operating LLS pump plays a role in determining the time available for isolation of the leak
through a heat exchanger. The leak could be stopped by isolating the faulty heat exchanger, both
from the RCB basement and from within the heavy water plant room. The scavenge pumps play
no role because the heavy water plant room sumps remain dry.
If the leak is not isolated and in the absence of makeup, RAT level would continue to fall until it
reached the top of the downcomers. The heavy water shutdown pumps would trip off as level
fell below L2. When level reached the downcomers, fuel cooling would be in jeopardy.
Conservatively, the model gives no credit for the leakage flow reversing,(i.e., flow through the
leak would then be from the light water side to the heavy water side) when level falls below L2.
It is assumed that any reverse flow would be at too low a rate to provide effective fuel cooling.
Reverse flow may be expected when the heavy water shutdown pumps trip if forced circulation
on the light water side of the heat exchanger is maintained.
The ESD for heavy water leaks into the light water circuit is shown in Figure 5.2-4. Page 1
covers the initial plant response. Operation of the LLS pump, manual isolation of the leak,
heavy water forced circulation through the heat exchangers, and light water forced circulation
through the heat exchangers are all considered. Sequences involving successful leak isolation
and the establishment of heat removal are transferred to page 4 of the general transient ESD
(Figure 5.1-1). Some of the heavy water tritium is released to the light water circuit and possibly
to the environment, but no fuel is damaged. To simplify the representation of accident
sequences, the event tree models do not distinguish sequences involving leak isolation prior to
level LI from those prior to level L2. Instead, only isolation prior to L2 is explicitly considered.
If the leak is not isolated, or if forced circulation on the heavy water or light water sides is lost so
that heat removal is not available, it is then assumed that some form of makeup is required to
keep the fuel covered and cooled. For these sequences, the end state is assigned to release of
tritium which bypasses the RCB. Since there is no fuel damage, the status of RCB active
containment systems is not of interest, and the sequence is terminated.
RAT flooding is considered in page 2 of Figure 5.2-4 for those sequences that need to establish
an alternate form of inventory control and heat removal. The makeup capacity of RAT flooding
(i.e., 1 to 2 liters per second) is more than sufficient to accomplish both functions even without
cooling of the heat exchangers. However, some relief path is assumed required to permit RAT
flooding to operate in the once through cooling mode. Success of RAT flooding then transfers to
page 4 of the general transient ESD (Figure 5.1-1), where the release of all tritium in the heavy
water circuit occurs, either to the RCB or through the leaking heat exchanger to the light water
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circuit and eventually to the environment. The status of RCB active containment systems is of
interest for that portion of the release that enters the RCB.
Failure of RAT flooding or of the relief path is conservatively assumed to result in fuel damage.
The fuel damage sequences are then transferred to page 5 of the general transient ESD
(Figure 5.1-1) for consideration of the RCB active systems response. If the leaking heat
exchanger is not isolated, such sequences would result in some portion of the damaged fuel
fission product inventory bypassing the RCB and being released to the environment.
5.2.1.5 Weir Line Leaks inside the RAT
The key features of this class of leaks are that the leak location is likely to be below the top of
the fuel, and that the leakage flow does not collect in the heavy water plant room. Instead,
leakage flow collects in the main heavy water storage tank, 1V3. The leak rate is limited to
1 liter per second by the flow area in the line to the 1V3 tank; i.e., as documented in
Reference 5.2-3. This class of leaks can be isolated from the heavy water plant room. This class
of leaks has similarities to leaks outside the heavy water plant room. In this case, however, the
leakage is contained by the main heavy water storage tank (1V3), and the leak rates are
potentially higher. The potentially higher leak rate shortens the times available for successful
isolation of the leak.
The ESD for weir line leaks inside the RAT is shown in Figure 5.2-5. Page 1 considers the
initial plant responses to address; RAT inventory control, isolation of the leak, heavy water
circulation, and light water circulation through the heat exchangers. Backup actions to address
these required safety functions, if needed, are also depicted. The operation of the LLS pump,
manual isolation of the leak, heavy water forced circulation through the heat exchangers, and
light water forced circulation through the heat exchangers are all considered.
Sequences involving successful leak isolation and the establishment of heat removal are assigned
to end states in which the tritium in the heavy water is contained within the main heavy water
storage tank (1V3), which is located inside the heavy water plant room. No fuel is damaged.
To simplify the accident sequence models, and the quantification of operator action failure
probabilities, the event tree models do not distinguish between successful isolation before
level LI versus before level L2. Only credit for isolation before the lower level L2 is modeled.
If the leak is not isolated, or if heat removal is not available, some form of makeup is required to
keep the fuel covered and cooled. For these sequences, the ESD transfers to page 2 of
Figure 5.2-5.
RAT flooding is considered in page 2 to accomplish both inventory control and heat removal.
The makeup capacity of RAT flooding (i.e., 1 to 2 liters per second) is more than sufficient to
accomplish both functions even without cooling of the heat exchangers. However, some relief
path is assumed required to permit RAT flooding to operate in the once through cooling mode.
Success of RAT flooding then transfers to page 4 of the general transient ESD (Figure 5.1-1),
and all of the tritium in the heavy water circuit is assumed released to the RCB.
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Failure of RAT flooding or of the relief path is conservatively assumed to result in fuel damage.
The fuel damage sequences are then transferred to page 5 of the general transient ESD
(Figure 5.1-1) for consideration of the response of RCB active containment systems; i.e., the
normal and active extract ventilation systems, SAVS, and containment isolation.

5.2.1.6 Weir Line Leaks outside the RAT
Leaks may occur in the weir line between the RAT and the heavy water storage tank, 1V3. If the
weir line leak is inside the RST, then the leakage flow would be fully contained. Therefore, this
discussion focuses only on leaks outside the RAT that are also outside the RST. Flow from such
leaks would be collected in the heavy water plant room sump. These leaks may or may not be
isolated depending on whether the leak is located upstream or downstream of manual
valve vlO52. The leak flow rate is limited by the weir line flow area and by the height of the
RAT water level. The RAT level must be greater than the lip of the weir line for there to be any
flow through the leak.
The normally operating LLS pump would attempt to makeup for the leak by transferring water
from the main heavy water storage tank (1V3) to the RAT. The leakage flow outside the RAT
would be governed by the makeup rate from the LLS pump; i.e., limited to about 0.28 liters per
second. This makeup flow would continue until the tank level reached the low level cutout and
the LLS pump tripped. After this, the leakage flow would also cease.
The event sequence diagram for weir line leaks outside the RAT is presented in Figure 5.2-6.
The ESD shows that leaks from the weir line outside the RAT continue only as long as the RAT
level is high enough for flow to continue into the weir line. What heavy water leaks out of the
RAT must be made up by the liquid level system pump in order for the leak to continue. Once
the low level cutout in the main heavy water storage tank is reached, the liquid level pump stops,
RAT level drops below the weir inlet, and the leak flow stops.
Since the leak flow stops before the fuel can be damaged, even without operator intervention,
this event is not considered further. The only release is of tritiated heavy water to the plant
room. Assuming that the LLS pump operates until tripped at the low level cutout, the amount of
heavy water released is that contained by the 1V3 tank between its normal level and the low
level cutout.

5.2.2 Frontline Event Trees for Leaks
The following top event descriptions document the accident sequence event tree models for
heavy water leaks to the plant room, including drain line leaks originating with the reactor at full
power; i.e., POS-5, Startup and Full-Power Operation. With minor modifications, these same
accident sequence models can be used to quantify the frequency of accident sequences resulting
from leaks to the heavy water plant room for other plant operating states; i.e., for events
occurring during different times of the planned shutdowns. The differences required to quantify
these events during periods of plant shutdown are accounted for in the frequencies assigned to
each event tree branch point. These differences are discussed in Section 5.2.3 as a function of
plant operating state.
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Similarly, these same event trees can be used to quantify the other categories of leaks identified
in the introduction to Section 5.2. The changes required to represent other leaks are identified in
Section 5.2.4.
The top events for two event trees are described. The first, or early tree, describes the equipment
and operator actions required to ensure fuel cooling during leaks. This event tree is referred to in
the RJSKMAN PSA model as LEAKS. The second, or late tree, describes the RCB active
systems and operator actions necessary to characterize the release of radioactivity given some
release of tritiated heavy water or fuel inventory from the RAT. The late tree described in
Section 5.1 is also used to represent the containment systems response for leaks. Together, these
two trees describe all of the frontline system responses required to represent the accident
sequences. Additional details concerning the operator actions considered can be found in
Section 9.
In the following descriptions, the time TM represents the mission time for the equipment
analyzed. This time is assumed to be 24 hours, consistent with similar assumptions for
probabilistic studies of nuclear power reactors. A fuel cooling time greater than 24 hours is
required to permit all HIFAR active cooling systems to be turned off without damaging the fuel,
especially for leak conditions. However, successful cooling for this duration would indicate that
the plant has been stabilized. While additional failures could occur after 24 hours, these
sequences would be at lower frequency, and there would still be time for backup cooling systems
to be aligned. Therefore, it is assumed that the risk of additional equipment failures after the
plant has been stabilized for 24 hours can be neglected relative to the risks from the first 24-hour
period following accident initiation.
Times following leak initiation to reach different states of the bulk heavy water temperature and
RAT levels are presented in Table 5.1-1 and Appendix D. These times affect the likelihood of
successful operator actions, as described in Section 9.
5.2.2.1 Frontline Early Event Tree for Leaks to the Plant Room
The following paragraphs describes the frontline top events for the LEAKS event tree.
•

Top Event SMP — Leakage Flow Collects in Heavy Water Plant Room Sump. This
top event is a switch to identify where the break flow is collected. Success of this top
event implies that a source of water will be available to the scavenge pumps when needed
to provide makeup to the RAT. For leaks to the heavy water plant room, this event is
guaranteed successful.
For other leak initiating events, this event may be failed. Failure of this event implies
that the leakage flow is collected outside the plant room.
This top event can also be used to consider plugging of the scavenge pump sumps for
sequences involving leaks to the plant room. However, at HIFAR there are two ECCS
sumps. Plant personnel also perform a housekeeping inspection of the plant room prior
to startup following every planned shutdown; i.e., every month. Therefore, plugging of
both ECCS sumps is judged to have a negligible failure probability, and certainly smaller
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than the failure probability of both scavenge pumps. Therefore, plugging of the sumps is
not considered further.
Top Event LLP — Liquid Level Pump Operates. This top event models the
availability of the normally running liquid level system (LLS) pump after plant trip.
Assuming the RAT level falls below the weir line, the operating LLS pump can provide
.28 liters per second of heavy water makeup from 1V3 to the RAT. This makeup
continues until the low level cutoff level in 1V3 is reached. No credit is given for the
operators manually aligning the standby pump in the event that the normally operating
pump fails or trips off except to mitigate leaks to the RST.
For small leaks, continued LLS operation can greatly extend the time available for
isolation of the leak. Success of Top Event LLS implies that the normally running LLS
pumps continues operating after plant trip.
Failure of Top Event LLS means that the pump is not operating and makeup from the
LLS is not available. For leaks to the heavy water plant room, the model considers the
automatic tripping of the operating LLS pump on high 1V3 tank level. Overfilling of the
1V3 tank may occur by diversion of the return flow from the train A scavenge pump.
This may occur if the 1V3 tank level is higher than the minimum level required by plant
OL&Cs. The scavenge pumps do not start right away, but rather wait until level falls
below LI. At this time, there is adequate level in the plant room sumps for the scavenge
pumps to initially return water at a high rate (i.e., greater than the .28 1/sec makeup rate of
the LLS pump), independent of the initial leak rate. While a very transient condition, the
study team believes that, for most conditions, the high level cutout would be exceeded
and the LLS pump tripped. Therefore, for leaks to the heavy water plant room, the
operating LLS pump is assumed to be tripped. The operators could over ride the pump
trip by locally depressing the pump test button. No credit has been assumed for this
action.
Top Event SPA — Scavenge Pump A Starts and Operates. For leaks, the scavenge
pumps are automatically started by a low RAT level signal from ECCS. ECCS actuates
when the level falls to level LI; i.e., 157 cm. The two trains of ECCS actuation signals
are considered separately in the support system event tree; i.e., via Top Events ESA
and ESB. The signal represented by Top Event ESA is used to actuate scavenge pump A
and related equipment.
This top event considers the equipment required for successful operation of scavenge
pump A, the opening of the RAT pressure relief train A isolation valve, the rupture of the
helium vent burst disc, and the ECCS rupture disc that allows injection into the RAT.
The pump initially starts but may initially pump only air. Once heavy water is introduced
to the plant room and flows into the sump, the pump then fills the ECCS discharge line,
ruptures the burst disc, and delivers flow to the RAT. The mission time is assumed to be
TM hours.
The scavenge pumps may also be used together with flooding of the heavy water plant
room during a large leak when fuel cooling is believed inadequate. Once the operators
verify that one or both of the scavenge pumps have automatically started and are running

\DIST\REPORT\SECT 5.2.DOC.01/14/98

5.2-13

the operators manually align for plant room flooding. The manual action to align plant
room flooding is considered separately in Top Event OFP.
•

Top Event SPB — Scavenge Pump B Starts and Operates. For leaks, the scavenge
pumps are automatically started by a low RAT level signal from ECCS. ECCS actuates
when level falls to level LI; i.e., 157 cm. The two trains of ECCS actuation signals are
considered separately in the support system event tree; i.e., via Top Events ESA
and ESB. The signal represented by Top Event ESB is used to actuate scavenge pump B
and related equipment.
This top event considers the equipment required for successful operation of scavenge
pump B, the opening of the RAT pressure relief train B isolation valve, the rupture of the
RAT pressure relief burst disc, and the ECCS rupture disc that allows injection into the
RAT. The pump initially starts but may initially pump only air. Once heavy water is
introduced to the plant room and flows into the sump, the pump then fills the ECCS
discharge line, ruptures the burst disc, and delivers flow to the RAT. The mission time is
assumed to be TM hours.
The scavenge pumps may also be used together with flooding of the heavy water plant
room during a large leak when fuel cooling is believed inadequate. Once the operators
verify that one or both of the scavenge pumps have automatically started and are running,
the operators manually align for plant room flooding. The manual action to align plant
room flooding is considered separately in Top Event OFP.

•

Top Event NRV — 2/2 Main D2O Pump Nonreturn Valves Reseat. This top event
models the reseating of the main heavy water pump nonreturn valves for the two pumps
that were operating when the reactor was initially at power. Either the ECCS low level
(LI) signal or the operators are assumed to shutdown the two main heavy water pumps
soon after reactor trip, thereby allowing the heavy water shutdown pumps to
automatically start. Failure of this top event implies that a portion of the flow from the
heavy water shutdown pumps, once started, will bypass the heat exchangers. However, it
is assumed that flow from even one heavy water shutdown pump will be sufficient for
fuel cooling, even if a nonreturn valve fails open. Success of Top Event NRV implies
that all of the flow from the heavy water shutdown pumps will be directed to the risers
and up into the RAT.
In the event of a large leak (i.e., greater than ECCS makeup flow) located upstream of the
main heavy water pump nonreturn valves, failure of these valves to reseat can also affect
the requirement for Wolter's cooling. Normally, Wolter's cooling would only be needed
for leaks downstream of the nonreturn valves. However, if the leak is large and one or
more of the nonreturn valves fails to reseat, the fuel element channels will also drain for
leaks upstream of the nonreturn valves. Therefore, Wolter's cooling, which is normally
only required for breaks downstream of the nonreturn valves, would also be required.

•

Top Event NZ — Fuel Element Nozzles Leak Tight. This top event tracks the leak
tightness of the fuel elements resting in the fuel element nozzles. This interface is
normally leak tight with a total leak rate past all 25 fuel nozzles estimated to be less than
.5 liters per second. Only for large leaks to the plant room located such that the fuel
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element channels drain would the leak rate past the nozzles be of interest. For all other
leak events, this event is guaranteed successful.
If a fuel element is not fully seated in its nozzle, or if a fuel element is being replaced at
the time of leak initiation, then for large leaks in excess of the scavenge pump flow that
drain the fuel element channels, the flow bypassing the fuel channels via the nozzles
would prevent adequate inventory control.
Failure of this event implies that a large leak does drain the fuel element channels and
that at least one fuel element is not fully seated. Fuel damage is then assured.
•

Top Event FC — Initial Fuel Cooling/Wolter's Cooling. This top event represents the
successful cooling of the fuel during the very early stages of a leak; i.e., in the first few
minutes. For large leaks (i.e., greater than ECCS makeup flow) downstream of the heavy
water pump nonreturn valves, or upstream of the nonreturn valves with at least one
nonreturn valve failing to reseat (i.e., Top Event NRV failed), the fuel channels will
drain. Scavenge pump flow is then required to maintain the RAT level at or above the
top of the downcomers. Wolter's cooling (i.e., where most of the coolant flow enters the
drained fuel channels via small Wolter's cooling holes near the top of the fuel, rather than
through the higher, normal fuel coolant holes) can be used to keep the fuel elements
cooled via film cooling.
There is some debate as to whether flow from one or two scavenge pumps are required to
provide adequate flow for Wolter's cooling at HIFAR. Some have also maintained that
even with both scavenge pumps operating that Wolter's cooling would be insufficient.
The study team has assumed that both scavenge pumps are required and would be
sufficient; i.e., both Top Events SPA and SPB must be successful for Top Event FC
success. The claim that even both pumps operating would be insufficient is keyed to the
concern that splashing of the ECCS return flow above the heavy water surface would
produce ripples that could disturb the distribution of adequate flow to all fuel elements.
There is no analytical means to test this hypothesis. Our opinion is that the flow from
two pumps should be sufficient. We note that this assumption does not significantly
effect the baseline study results because of the relatively low frequency assigned to large
leaks and because the need to manually isolate the weir line for even smaller leaks leads
to higher frequency scenarios. When the flow from scavenge pump A is redirected to
avoid to isolate the weir line for leaks, this assumption could be more significant.
Top Event FC is then a switch that tracks the success of Wolter's cooling. Success of
Top Event FC implies that Wolter's cooling was either successful, or that Wolter's
cooling was not required to protect the fuel early in the accident. For large leaks
downstream of the heavy water pump nonreturn valves, and for large leaks upstream of
the nonreturn valves at least one of which failed to reseat, Wolter's cooling is required.
For all other leaks, Wolter's cooling is not required and Top Event FC is guaranteed
successful.
Failure of Top Event FC implies that Wolter's cooling was required but was not
successful. Some fuel damage is then expected. Following failure of Top Event FC, the
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remaining questions in the event trees for leaks are still asked to determine the potential
for additional fuel failure and for mitigation of the release.
If Top Event SMP fails, the leak flow is not directed to the heavy water plant room sump.
However, only small leaks are directed outside the plant room. Since Wolter's cooling is
not required for smaller leaks, if Top Event SMP fails, Top Event FC is guaranteed
successful.
Top Event HE — Helium Gas Holder Automatically Isolates. In the event of an RAT
pressure buildup to 3 kPa(g) or more, the helium gas holder should automatically isolate.
This top event models the isolation of at least one of the two redundant valves to close on
high RAT pressure. Normally.following a leak, the RAT pressure would slightly fall
rather than rise. However, it is possible that at the time of scavenge pump injection, a
small RAT pressure increase may occur, sufficient to cause gas holder isolation. Also,
should either RAT flooding or flooding of the plant room with the scavenge pumps
returning the water to the RAT be initiated, again a potential increase in RAT pressure
may occur.
Any time this event would be of interest, an increase in RAT pressure would have
occurred. Failure of this line to close when RAT pressure increases provides a release
path for any excess water injected into the RAT; e.g., by RAT flooding or by flow from
the scavenge pumps after plant room flooding. If Top Event HE fails, the release path
would bypass the heavy water plant room, venting directly to the RCB basement.
Successful closure of the gas holder line poses a challenge to the normal RAT pressure
relief line to open (i.e., as modeled in Top Event RV) should the RAT pressure continue
to increase to 25 kPa(g).
Top Event RV —1/2 RAT Pressure Relief Valves Open to Relieve Pressure. This
top event models the opening of the two RAT pressure relief valves on an ECCS low
RAT level (LI) signal; i.e., as modeled via Top Events ESA and ESB in the support
system event tree. The pressure relief isolation valves are automatically opened by the
ECCS signal on RAT level less than LI. For successful relief, the common burst disc
must also rupture when the RAT pressure reaches 25 kPa(g). The relief flow is then
directed back to the heavy water plant room.
For sequences involving leaks from the heavy water plant room, the operators may
evacuate the RCB and seal the building. Sealing the building also entails isolating
compressed air to the RCB. Once compressed air to the RCB is isolated, the RAT
pressure relief valves will fail open, exposing the common burst disc to RAT pressure.
The ECCS signal for RAT pressure relief is already very reliable, but evacuation from the
RCB and subsequent isolation of compressed air to the RCB provides another means of
causing the RAT pressure relief isolation valves to open. Though much less likely, if
either ECCS instrument power train is lost, the associated RAT pressure relief isolation
valve would also fail open.
For successful ECCS actuation (i.e., success of Top Events ESA and/or ESB along with
success of the scavenge pumps, Top Events SPA and/or SPB), the relief valves would
also be signaled to open. If ECCS fails, or if the scavenge pumps fail, then RAT flooding
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would be required. The operators are assumed to evacuate the RCB and isolate
compressed air to the RCB any time RAT flooding is required. Therefore, both RAT
relief isolation valves are assumed to eventually lose compressed air if RAT flooding is
required.
RAT pressure relief is required to ensure adequate makeup flow if the leak area itself
does not ensure pressure relief. Top Event RV is assumed guaranteed successful if the
initial leak rate itself is large enough to ensure adequate cooling; i.e., approximately
0.4 kg per second (Reference 5.2-7).
If the helium gasholder does not isolate, then RAT pressure should not increase and this
event is also guaranteed successful. Similarly, if the break size is greater than the
makeup flow from the scavenge pumps, RAT pressure should not increase and this top
event is again guaranteed successful.
Failure of this top event implies that RAT pressure does increase and that RAT pressure
relief is not successful. Failure to vent the RAT means that for smaller breaks (i.e., break
sizes resulting in less than initial flow rates of 0.4 kg per second), makeup flow supplied
from the scavenge pumps will be degraded. This event sequence model conservatively
assumes that failure of RAT pressure relief leads to loss of all scavenge pump flow,
resulting in eventual fuel uncovery. Similarly, if RAT pressure relief fails, no credit is
given for RAT flooding either. The makeup rate from RAT flooding is assumed to be
reduced by the increasing back pressure in the RAT, eventually being insufficient to
remove the decay heat.
Success of Top Event RV is assumed to result in adequate pressure relief for scavenge
pump flow, or for RAT flooding. Failure of both ECCS signal trains but success of Top
Event RV is assumed to result in adequate pressure relief for RAT flooding. The
availability of RAT pressure relief for scavenge pump flow is then not relevant because
neither scavenge pump would have been initiated.
•

Top Event D2O — Main D2O Pumps Continue or 1/2 D2O Shutdown Pumps Start
and Operate. For all leaks, the event sequence models conservatively assume that RAT
level falls to less than LI, resulting in the trip of the main heavy water pumps. This top
event models the automatic response of the heavy water shutdown pumps following trip
of the main heavy water pumps. For leaks, the heavy water shutdown pumps may also be
directly started, automatically by an ECCS signal. Success of this top event implies that
at least one of the two heavy water shutdown pumps starts and operates successfully for
TM hours. The resulting heavy water circulation rate is then adequate for heat removal.
Secondary side cooling of the heat exchangers is considered separately in Top
Event H2O.
For leaks, a key consideration for heat removal is the heavy water level in the RAT. The
heavy water shutdown pumps trip automatically if RAT level falls below L2; i.e.,
116 cm. This may occur when the initial break flow exceeds the available makeup flow
from the scavenge pumps and the liquid level system pump. RAT level will also fall
below L2 when the break flow exceeds 12 or 24 liters per second, depending on the
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number of scavenge pumps available. Therefore, Top Event D2O is guaranteed failed for
such leaks.
If the operators fail to isolate the leak before level reaches L2 (i.e., Top Event OL2
considered below fails), then the heavy water shutdown pumps are assumed to have
tripped and are not available for heat removal.
It is conceivable that automatic trip of the heavy water shutdown pumps could occur for
leak rates less than the available makeup flow, but whose size is still large enough that
RAT level drops temporarily below L2, and then is restored above L2 only after full
makeup flow from the scavenge pumps is established. The heavy water shutdown pumps
automatically restart if the RAT level returns to L2 plus 3 cm. However, the analysis in
Appendix D did not identify any such break sizes and locations. Therefore, this
possibility is not considered further.
Top Event RED — Recovery of D2O Forced Flow. In the event that heavy water
circulation is not available (i.e., Top Event D2O fails), the operators may restore the
heavy water shutdown pumps or restart the main heavy water pumps to provide
circulation. This top event models the operator and equipment actions required to
reestablish heavy water circulation using the heavy water main and shutdown pumps.
For leaks in which the RAT level falls below LI (i.e. 157 cm), the main heavy water
pumps are automatically tripped and can not be restarted until RAT level is restored
above LI plus 1 cm. Also, ECCS must be reset, which requires tripping the scavenge
pumps. Conservatively, this assessment assumes that all leaks cause the RAT level to
fall below LI, and no credit for restart of the main heavy water pumps is then considered.
For losses of all electric power (i.e., line supply and onsite diesel generators), this top
event considers the recovery of offsite power and the subsequent restarting of the heavy
water shutdown pumps prior to RAT level falling to L2 and before temperatures exceed
the heavy water shutdown pump limit of 70°C. During a leak, there is only adequate
time to implement this action for the very small leaks; i.e., less than 0.28 liters per
second. In such cases, there is approximately 1.7 hours available before level L2 is
reached. However, with no heat removal and no circulation, RAT heavy water
temperatures exceed 70°C within about 45 minutes, per Appendix D. Therefore, this
limits the time assumed available for this recovery action. No credit for recovery of
power is considered for larger leaks.
For drain line leaks (less than 1 liter per second), a false low RAT level signal (i.e., L2)
may occur, resulting in a signal to trip the heavy water shutdown pumps. The operators
can then use the level gauges off the heavy water shutdown pump suctions to read the
true RAT level. If level is actually above L2, then the operators are instructed to inhibit
ECCS and restart one of the two heavy water shutdown pumps. This operator action is
considered by this top event. This action must be completed prior to the RAT heavy
water temperature exceeding 70°C, the assumed temperature limit for both the scavenge
pumps and the heavy water shutdown pumps. This time is estimated as 70 minutes when
the entire inventory of the heavy water circuit is mixed by the scavenge pumps (see
Appendix D).
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Success of Top Event RED implies that forced circulation of the heavy water is
reestablished. Failure of RED implies that heavy water forced circulation is still not
available, and eventual fuel damage may occur.
Top Event NMW — Mains Water Cooling Not Initially Aligned for Heat Exchanger
Cooling. During plant operating state POS-5, Startup and Full-Power Operation, the
normal light water cooling circuit is aligned to the heat exchangers. However, during
portions of the planned shutdowns at HIFAR, normal light water flow is isolated and
instead mains water cooling is aligned for heat exchanger cooling. This alignment is
performed to permit chemical cleaning of the cooling water pond without the same
chemicals adversely impacting the heat exchangers. This alignment of mains water is
also used when the pond is drained every 6 months for cleaning.
Top Event NMW is a switch to describe the fractions of time spent in each heat
exchanger cooling alignment during each plant operating state. Success of this event
implies that mains water cooling is not initially aligned.
Failure of this top event implies that mains water cooling is initially aligned at the start of
the accident, and, thus, that the normal light water cooling system is not initially aligned.
The status of Top Event NMW affects the failure probabilities assigned to the light water
circuit below.
Top Event H2O —1/4 Main H2O Pumps or 1/2 Shutdown H2O Pumps. This top
event models the equipment needed for normal light water flow to be provided to at least
one heat exchanger for TM hours after plant trip. Soon after reactor trip, all but one main
light water cooling pump is manually tripped to prevent excessive cooling of the RAT.
This operator action is assumed to be successful. Assuming successful trip of the main
light water pumps means that the tripped pumps must be restarted manually to provide
flow if needed later. They may be required if the one main light water pump left
operating fails to run.
Therefore, only one main light water pump is assumed running. This top event models
the operating main pump to run for TM hours or, as a backup, either of the two light
water shutdown pumps to automatically start and operate for TM hours after the
operating main light water pump fails.
This event also models the operator action to manually restart one of the three tripped
main light water cooling pumps should the one left operating and both light water
shutdown pumps fail. This action can be accomplished from the pumphouse, so it is not
dependent on whether evacuation from the reactor control room is required. It must be
completed before the heavy water temperature exceeds the heavy water shutdown pump
temperature limit of 70°C.
Success of Top Event H2O implies that adequate cooling of the heat exchangers is
available.
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Top Event REH — Operators Align Backup Cooling Water (Mains Water or
Normal Cooling Flow) to One Heat Exchanger. This top event models the manual
backup of light water cooling flow to at least one heat exchanger that has lost its original
flow. For events initiated from power operation, light water cooling would initially be
aligned and mains water cooling would be the backup; i.e., Top Event NMW is
successful.
For large leaks, the time available for this recovery action is until RAT level falls to L2,
either due to the leak rate exceeding the makeup rate or due to boil off. If level falls to
L2, the operators are assumed to evacuate the RCB and therefore cannot complete the
realignment from the RCB basement. RAT level falls quickly (less than 12 minutes per
Appendix D) to level L2 for leaks of 12 liters per second or more, assuming successful
scavenge pump actuation. Therefore, no credit is given for this action for larger leaks.
For smaller leaks where the level remains above L2 for an extended period of time, the
time available for alignment of alternate cooling is limited by the scavenge pumps' 70°C
temperature limit. Heat exchanger cooling must be recovered in time to reestablish
cooling, and thereby protect the pumps. If RAT heavy water temperatures exceed the
70°C limit, the scavenge pumps are assumed to fail, resulting in a loss of inventory
control. RAT flooding is then required to restore inventory control.
If the plant is initially in shutdown with mains water cooling already aligned (i.e., Top
Event NMW is failed), this event then models the restoration of flow from the light water
main or shutdown pumps following the loss of mains water cooling. The comments
above regarding time available to complete the action also apply to this situation.
However, in the event that the 6-month cooling pond cleaning activity is in progress,
which requires draining the pond, the light water pumps would also be unavailable to
provide flow to the heat exchangers. In this case, backup cooling to the mains water
system requires that the operators open the heavy water plant room door and rely on
natural convection and the space conditioning units to provide RAT cooling. Circulation
of the heavy water side must also be available. Per the tests documented in
Reference 5.2-8, this mode of cooling should be adequate to limit heavy water
temperatures to less than 70°C if some other form of cooling is provided for the first
24 hours after plant trip. This backup cooling mode is conservatively neglected in the
PSA event trees because it requires the occurrence of a leak coincident with the loss of
mains water cooling. This is a very low frequency event. Also, if the loss of mains water
to the aligned heat exchanger involves a total loss of mains water to HIFAR, then the
space conditioning units would also be unavailable.
It is possible that starting an idle liquid level pump could be used as a backup cooling
mechanism. This alternative mode of cooling is not modeled for three reasons: (1) it is
not included in HIFAR accident procedures, (2) if the accident occurred during
shutdown, it may require manual action to unisolate the RAT, and (3) this alternative
cooling mode is not capable of removing the decay heat; i.e., it can only extend the time
available for other actions.
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Top Event OL2 — Operators Isolate Leak before L2. This top event models the
operator action to isolate the leak. The time available for action is assumed limited by
the time for RAT level to be lowered to less than L2. This time is a function of the break
size and location, and available makeup flow; i.e., Top Events SPA, SPB, and LLP. If
the makeup sources are sufficient to control RAT level, then the operators have additional
time to isolate. However, for leaks to the heavy water plant room, successful operation of
the train A scavenge pump 1P3/1 results in a transfer of some portion of the leak flow to
the main heavy water storage tank; 1V3. Recall that the train A scavenge pump makeup
connects to the number one helium balance line, which empties into the RAT directly
over the weir line. The removal of heavy water from the heavy water circuit by this flow
is considered in the computed times to reach different RAT levels (see Appendix D).
Level L2 rather than the time to fuel damage is chosen as limiting the time available for
this action. This is because plant accident procedures preclude isolation of the leak from
the heavy water plant room if radiation levels are too high. Also, the operators are
instructed to consider evacuating the RCB when level drops below L2, and are very
likely to evacuate when level drops to LI and continues to fall. Therefore,
conservatively, no credit is assumed for isolation of the leak once RAT level falls below
L2.
No credit is given for isolation of the larger leak sizes; i.e., 12 liters per second and
larger. This is because the time available is limited, and because location of the break is
not likely to be isolated by simply closing valves.
If fuel damage occurs early in the accident sequence (i.e., Top Event FC fails), then no
credit is given for isolation of the leak because of the high radiation levels that would be
present in the heavy water plant room.
Drain line leaks to the plant room require special consideration. Drain line leaks are
expected to lead to a false indication of low RAT level on the ECCS sensors because the
taps for the ECCS RAT level sensors are off the drain line. Plant procedures then instruct
the operators to look at RAT level gauges 2 and 3 after the heavy water shutdown pumps
have tripped to obtain a true indication of RAT level. These other sensors tap off the
heavy water shutdown pump suction lines and should read correctly when the heavy
water shutdown pumps trip. If the other sensors indicate that the RAT level is above L2,
a drain line leak is diagnosed. The operators are then instructed to use one of the two
inhibit bypass switches to restart a heavy water shutdown pump. This action is
considered in Top Event RED.
The operators are also instructed to attempt to isolate the leak from the drain line by
manually closing valve VI060 located inside the heavy water plant room. We
conservatively assume that the drain line leak to the plant room is upstream of
valve VI060 so that its closure does not isolate the leak.
For drain line leaks (flow rates less than 1 liter per second), Wolter's cooling is not an
issue, so that Top Event FC is always successful. Therefore, concerns about radiation
levels due to fuel damage being too high to permit local isolation in the heavy water plant
room are not relevant for drain line leaks.
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Successful isolation requires that the break be in a location where closure of a valve can
stop the leak. Therefore, the probabilities for isolating a leak to the heavy water plant
room before RAT level falls below L2 are initiating event dependent.
Success of Top Event OL2 implies that the leak is isolated prior to L2, and that additional
makeup is not required. Fuel cooling is still required but is very likely to be achieved.
Therefore, in the event trees for leaks, the accident sequences involving successful
isolation of the initial leak are not developed further.
Failure of Top Event OL2 implies that RAT level eventually falls below L2. The heavy
water shutdown pumps will trip and cannot be restarted until level is restored. Since the
main heavy water pumps trip at LI, all heavy water circulation is then unavailable. The
operators are then assumed to evacuate the RCB.
•

Top Event OWI — Weir Line Isolation/No Transfer to 1V3. If train A scavenge
pump (1P3/1) operates to return leakage flow from the heavy water plant room sump
back to the RAT, some portion of the flow is likely to be diverted via the weir line to the
main heavy water storage tank, 1V3. This top event models the operator action to isolate
the weir line so as to terminate the diversion of flow assuming that the leak itself is not
isolated. The action is assumed to be required prior to the RAT level reaching L2, at
which point evacuation of the RCB would be required.
This action is not currently in accident procedures. The action is further complicated
because the operators are likely to be focusing on isolating the initial leak to the plant
room. Similar to Top Event OL2 described above, no credit for isolation of the weir line
is assumed if the leak size is greater than 12 liters per second due to the limited time
available before RAT level reaches L2.
Failure of this event requires that RAT flooding be initiated to provide additional makeup
for inventory control. Failure of this event is assumed to result in fuel uncovery and
damage if RAT flooding is not initiated and the leak itself is not isolated in time; i.e., the
fuel is protected if Top Event OL2 is successful.
This top event is guaranteed successful if the weir line is initially isolated, scavenge
pump 1P3/1 fails, or if the leak does not result in scavenge pump actuation. If the leak is
successfully isolated (i.e., Top Event OL2 success), this top event is no longer of interest
because the diversion of flow would be terminated.

•

Top Event ORF — Operators Initiate 1 Liter per Second of RAT Flooding. In the
event that adequate makeup to compensate for the leak is not available, or if either or
both heavy water and light water forced circulation cannot be maintained, the operators
can still establish fuel cooling by introducing mains water directly to the RAT and
allowing for once through cooling. Special provisions for introducing mains water to the
RAT are provided at HIFAR. Procedural guidance is to initiate RAT flooding if RAT
level drops to 140 cm; i.e., between LI and L2.
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This event models the operator action required to arm and initiate RAT flooding. Actions
both inside and outside the RCB are required to complete the alignment. The RAT
flooding system is to be armed prior to the operators evacuating the RCB. Final initiation
of the system is then performed from the ECR. The operators are also instructed to
request the Site Operations Safety Supervisor (SOSS) to start the standby fire booster
pump in Building 4. Starting the fire booster pump increases the mains water header
pressure and results in an increase from 1 to 2 liters per second in the RAT flooding
system flow rate to the top of the reactor.
Success of RAT flooding requires that there be an adequate pressure relief path to relieve
the makeup flow; i.e., Top Event RV must be successful. It is conceivable that pressure
relief by rupturing the ECCS burst discs in the reverse direction could also adequately
limit RAT pressure; i.e., see the discussion of Top Event BD in the GENTRANS event
tree presentation (Section 5.1). However, it is unclear if adequate makeup from RAT
flooding could be provided at the 220 kPa(g) burst pressure. Also, if the scavenge pumps
operate after the burst discs rupture, return flow from these pumps could limit relief flow
through the ruptured burst discs in the reverse direction down the ECCS discharge lines.
Therefore, for smaller size leaks requiring RAT pressure relief in which the scavenge
pumps both operate, no credit is given for relief through the ECCS burst discs.
The time available to complete the RAT flooding alignment is a function of the
individual sequence. For small leaks (i.e., less than 1 liter per second) in which RAT
flooding can be used for inventory control, the time available is limited by the action to
arm the RAT flooding system from within the RCB. The time available is until
evacuation is required. Evacuation is required when RAT level reaches L2, but is likely
to be initiated earlier after RAT level reaches LI, and continues to fall. Therefore, the
time available is governed by the leak rate.
For leaks to the plant room, RAT flooding may also be used to compensate for the
diversion of train A scavenge pump makeup flow to the weir line. The estimated
maximum flow rate through the weir line is only 1 liter per second which is less than the
RAT flooding system capacity.
If inventory control is successfully provided by the scavenge pumps, RAT flooding may
still be useful as a backup to provide decay heat removal, in the event all heavy water or
light water cooling is lost. The time available to initiate RAT flooding is then a function
of the RAT heatup rate. RAT flooding must be initiated before the heavy water heats up
to the maximum operating temperature of the scavenge pumps (i.e. 70°C) so that
inventory control can be maintained.
Typically, RAT flooding provides adequate makeup flow for small leak sizes only; i.e.,
less than 1 liter per second is the RAT flooding makeup rate if the fire booster pump is
not operated.
For larger leaks, credit for this action as a means of removing decay heat is only assumed
possible if RAT inventory control is also provided by the scavenge pumps. Establishing
RAT flooding may extend the time available for isolation of the leak, depending on the

\DIST\REPORT\SECT 5.2.DOC.01/14/98

5.2-23

leak size, but this is of limited importance. Once RAT flooding is successfully initiated,
the model assumes isolation of the leak is not necessary.
Success of Top Event ORF implies that 1 liter per second of mains water flow is directed
into the RAT. Starting the fire booster pump is not required to achieve this flow rate. No
credit is given for the higher flow rate of 2 liters per second, which may be achieved by
starting the fire booster pump. This model assumption is conservative but not overly so.
Also, no credit is given for manually initiating RAT flooding if Wolter's cooling failed
earlier in the sequence; i.e., if Top Event FC failed. Failure of Top Event FC results in
early fuel damage and high radiation levels within the RCB. Under these circumstances,
the operators are assumed to evacuate the RCB without arming the RAT and would not
return.
Failure of Top Event ORF means that RAT cooling or inventory control is not available.
•

Top Event HXF — Gravity Driven Flow of D20 through the Heat Exchangers. In the
event that forced circulation of the heavy water is lost, flow through the primary side of
the heat exchangers can still be achieved by gravity flow if the scavenge pumps operate.
This heavy water circulation mechanism is available for some of the larger leak events
due to elevation differences between the inlet and outlet of the heat exchangers. Gravity
driven circulation can occur when the leak rate is greater than the available makeup rate
so that the riser, or the downcomer, where the leak occurs is not kept full of water; e.g.,
for leak sizes greater than 12 liters per second if just one scavenge pump operates. This
heavy water circulation mechanism occurs when the leak is downstream of the nonreturn
valves, or when the leak is upstream of the nonreturn valves and the bypass line passes
adequate flow through the heat exchanger; i.e., 0.4 liters per second is sufficient per
Reference 5.2-9. In the latter case, normal leakage flow through the nonreturn lines may
preclude the need for bypass line flow, but this possibility is conservatively neglected.
If one or more of the main heavy water pump nonreturn valves fails to reseat, flow
through the bypass line is not required; i.e., Top Event HXF is guaranteed successful for
leaks of the correct size and location.
Success of this event requires that secondary side forced flow to the heat exchanger be
available, that the leak be of the right size and location, as described above, and that the
bypass line passes flow, if required. Success of Top Event HXF then means that
adequate circulation of the heavy water through the heatexchangers is available to
remove decay heat. Failure of Top Event HXF means that heavy water side circulation is
not adequate, and that recovery of heavy water forced circulation is required.
If Top Event SMP fails, the leak is not to the plant room. Only small leaks are of this
type. Therefore, Top Event HXF is guaranteed failed whenever Top Event SMP fails.

•

Top Event OFP — Operators Initiate Flooding of D2O Plant Room. In the event that
heavy water forced circulation is lost during a large leak to the plant room, and there is
inadequate gravity driven flow through the heat exchangers (i.e., Top Event HXF fails),
the operators may initiate plant room flooding and rely on scavenge pump flow back to
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the RAT to provide many hours of fuel cooling. Unlike for forced circulation of the
heavy water, this cooling option relies on heat transfer from the outside of the heat
exchangers. The plant room is flooded sufficiently to cover the bottom of the heat
exchangers in water.
This top event is only useful for larger leaks to the plant room, when RAT level falls
below L2, and both the heavy water main and shutdown pumps are unavailable to
provide circulation. Cooling to the heat exchangers is required to ensure that the heavy
water temperature remains below 70°C, the qualification limit for the scavenge pumps.
This top event considers the operator action to align for flooding of the heavy water plant
room from outside the RCB.
The scavenge pump equipment performance is considered earlier via Top Events SPA
and SPB. Only one of the two scavenge pump systems is required for successful cooling
by flooding the plant room. The operators do not manually initiate the scavenge pumps.
Instead they rely on an ECCS start of the pumps. If scavenge pump A is successful, no
credit is given for plant room flooding. It is assumed that the diversion of heavy water to
the storage tank by scavenge pump A would lead to fuel uncovery before this action
could be successful.
Success of this top event also requires that some form of cooling to the secondary side of
the heat exchangers is available; e.g., light water circuit or mains water cooling as
modeled in Top Events H2O and REH above.
Success of heavy water plant room flooding requires that there be an adequate pressure
relief path to relieve the makeup flow; i.e., Top Event RV must be successful. However,
for the large leaks in which this option is considered, Top Event RV should always be
successful due to the relief through the break. If Top Event RV is not successful, it also
implies that the leak rate must be small, perhaps smaller than is necessary to achieve
adequate cooling; i.e., less than 0.4 liters per second.
No credit is given for this action if Wolter's cooling failed earlier in the sequence (i.e.,
Top Event FC failed), resulting in fuel damage and possibly high radiation at the RCB
outer wall, preventing the operators from initiating this option.
The time assumed available to complete the plant room flooding alignment is until RAT
heavy water temperature exceeds 70°C, above which the scavenge pumps are assumed to
fail.
Figure 5.2-7 presents the LEAKS frontline event tree structure. The top events are as described
in the preceding paragraphs. By comparison to the GENTRANS event tree, top events have
been added to describe additional systems that come into play for leaks (e.g., the scavenge
pumps) and to describe phenomena unique to leaks; e.g., Wolter's cooling, leak isolation, gravity
flow on the heavy water side, and plant room flooding. Events needed to describe reactivity
control have been neglected.
The event tree sequences question the events needed to establish the availability of inventory
control including leak isolation, heat removal on the heavy water side, heat removal on the light
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water side, and if necessary RAT flooding. Reasons for not branching at selected points in the
structure are given in the paragraphs describing each top event.
Late Event Tree for Leaks to the Plant Room (RCB Systems)
The events that describe the behavior of the RCB systems during leaks to the plant room are
similar to those presented for the late tree described in Section 5.1. In fact, the same event tree
structure is used. The following documents the changes to the late event tree top event
definitions that are needed to model heavy water leaks to the plant room.
•

Top Event N3H — Switch: No Tritium Released to the RCB in Early Tree. This top
event is a switch to transfer information from the early, LEAKS, tree to the late tree. For
leaks to the heavy water plant room, there is a release of tritiated heavy water in the early
tree so that this top event is guaranteed failed. Failure of Top Event N3H implies that
there has been a release of either tritiated heavy water, fuel damage, or both.

•

Top Event NFD — Switch: No Fuel Damage in Early Tree. This top event is a
switch to transfer information from the LEAKS tree to the late tree. It is only questioned
if Top Event N3H fails. If there is no release of tritiated heavy water or fuel damage in
the early tree (i.e., Top Event N3H is successful), then this top event is also successful.
Failure of Top Event NFD implies that there has been a release of tritiated heavy water
and that fuel damage occurs as a result of the events modeled in the LEAKS tree; e.g.,
Top Event NZ, Top Event FC fails, or there is inadequate makeup. For leaks, fuel
damage is most likely to occur due to a failure of adequate makeup for inventory control.

•

Top Event TES — RCB Isolation Test Not in Progress at Start of Accident. This top
event is the same as in the late tree for general transients.

•

Top Event EVC — Switch: Conditions for Evacuation of the RCB Exist. This top
event is a switch that transfers information from the LEAKS tree to the late tree. The
operator action to evacuate the RCB and manually initiate sealing of the RCB is
dependent on the conditions inside the RCB. The likelihoods of successful operator
actions in the late event tree for leaks are dependent on whether these conditions exist
and RCB evacuation has been accomplished. The decision to evacuate the RCB is
normally at the discretion of the operators, but is required if RAT level falls below level
L2, or if airborne radiation levels exceed 500 mSv per hour. It is believed that the
operators would evacuate the RCB if RAT level fell below LI and continued to fall after
the scavenge pumps were initiated.
This top event identifies which sequences have involve RAT water level falling below
level L2, involve high radiation levels, or there is some other reason that RCB evacuation
is likely to have been accomplished; e.g., RAT flooding was initiated. Only sequences
involving fuel damage are likely to lead to radiation levels in excess of 500 mSv per
hour. Therefore, failure of Top Event EVC means that the water level is always greater
than level L2 and that no fuel damage has occurred. Success of Top Event EVC implies
that at some point, water level dropped below L2, fuel was damaged, or there is some
other clear reason that RCB evacuation has been initiated; e.g., RAT flooding as
successfully initiated.
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For leaks, the conditions in which RAT level has dropped below level L2 are when Top
Event OL2 has failed; i.e., the leak was not isolated. Fuel damage may occur in the
sequence if the leak is large (i.e., Top Event FC has failed), when inventory control is
lost, or when all primary or secondary heat removal is lost. Successful initiation of RAT
flooding or heavy water plant room flooding require actions outside the RCB. It is
assumed that when these actions are successfully completed before fuel damage, the
operators have successfully evacuated the RCB. For all these conditions, Top
Event EVC is assumed successful.
•

Top Event OFN — Operators Manually Align Standby Ventilation Train. This top
event is the same as in the late, tree for general transients.

•

Top Event NV — Normal Ventilation Continues. This top event is the same as in the
late tree for general transients.

•

Top Event AE — Active Extract Ventilation Continues. This top event is the same as
in the late tree for general transients.

•

Top Event OIB — Operators Manually Isolate Reactor Containment Building. This
top event is the same as in the late tree for general transients.

•

Top Event CIB — Automatic/Manual Isolation of the Butterfly Valves on the Five
Penetrations with Water Seals. This top event is the same as in the late tree for general
transients.

•

Top Event CI — Automatic/Manual Containment Isolation on High Radiation.
This top event is the same as in the late tree for general transients.

•

Top Event SC — 1/3 Space Conditioners Operate. This top event is similar to the top
event of the same name in the late tree for general transients. For leaks, if fuel damage
occurs early because of a failure of Wolter's cooling (i.e., Top Event FC fails), but
otherwise decay heat removal in the later periods is successful, then space conditioner
cooling is not required to protect the containment from long-term overpressure.
However, space conditioner cooling can still affect the activity that remains airborne in
the RCB (i.e., radioactivity removal by condensation), and for this reason it is still
questioned.

•

Top Event HXC — Heat Exchanger Cooling from Outside after Fuel Damage. This
top event is the same as in the late tree for general transients.

•

Top Event OIA — Operators Isolate Compressed Air System to RCB. This top
event is the same as in the late tree for general transients.

•

Top Event OV — Operators Align SAVS/Vent Pressure Buildup in RCB. This top
event is the same as in the late tree for general transients.
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•

Top Event SV — Standby Active Extract System Operates for Venting. This top
event is the same as in the late tree for general transients.

The top events in the late frontline event tree for all leaks are as described above. Figure 5.2-8
presents the late frontline event tree structure. By comparison to the late tree for general
transients, the late event structure is the same. This event tree follows and is linked to the
LEAKS event tree during sequence frequency quantification. Each sequence from the late tree
effectively transfers to the full list of sequences in this tree.
The extent of fuel damage is fully described by the LEAKS, early tree. The events in the late
tree do not describe any more conditions that lead to damage. Rather, the top events in the late
tree describe the status of containment systems and operator actions related to containment
system performance. Their status is required to properly assign the plant damage states
described in Section 4.4 to each sequence.

5.2.2.2 Heavy Water Leaks to the Reactor Steel Tank
Another class of leaks is from the RAT to the reactor steel tank (RST). These leaks are
sometimes referred to as "contained" leaks because the RST acts as a second container to prevent
release to the RCB. By containing the leak flow, the RST also minimizes the drop in RAT level.
Level in the RAT should equilibrate with the level in the RST and may remain just above the top
of the downcomers (Reference 5.2-10), even with no makeup. However, the predicted RAT/RST
equilibration level is uncertain. For this assessment, we conservatively assume that the
equilibrated level is just below the inlet to the downcomers if no makeup is provided.
The event trees used for this class of leaks are the same as that for leaks to the heavy water plant
room. A description of the top events that are unique to RAT heavy water leaks to the reactor
steel tank are as follows.

LEAKS Event Tree
•

Top Event SMP — Leakage Flow Collects in Heavy Water Plant Room Sump. This
top event is a switch to identify where the break flow is collected. For leaks to the RST,
the leakage collects in the RST. There is sufficient room in the RST to hold all of the
heavy water in the primary circuit. None of the water flows into the plant room.
Therefore, Top Event SMP is guaranteed failed. Failure of this event implies that the
water is not available for recirculation back to the RAT using the scavenge pumps.

•

Top Event LLP — Liquid Level Pump Operates. This top event models the
availability of the normally running liquid level system (LLS) pump after plant trip. For
leak sequences, the LLS pump can provide .28 liters per second of heavy water makeup
from 1V3 to the RAT. This makeup continues until the low level cutoff level in 1V3 is
reached. For small leaks, continued LLS operation can greatly extend the time available
for isolation of the leak. Success of Top Event LLP implies that the normally running
LLS pumps continues operating after plant trip. Failure of Top Event LLP means that
makeup from the LLS is lost.
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This top event is of interest for RAT leaks to the RST because makeup from the main
heavy water storage tank (1V3) would be sufficient to maintain the final heavy water
level above the inlet to the downcomers. Reference 5.2-1 indicates that if a liquid level
system pump transfers 1V3 inventory to the RAT, the final equilibrated level should be
above L2. However, the final equilibrated level is again uncertain. We instead
conservatively assume that the final equilibrated RAT/RST level is just less than L2,
requiring the operators to inhibit ECCS and restart a heavy water shutdown pump to
provide forced heavy water circulation cooling. It is observed that the RAT level might
fall below L2 in its approach to the equilibrated level in any case, depending on the
assumed leak rate to the RST; i.e., for leaks greater than 2 L/second there may not be
sufficient time for the LLS pump to inject the entire contents of the main heavy water
storage tank, 1V3 before level falls below L2, per appendix D.
The operator action to start a standby LLS pump, if necessary, to provide the required
makeup is included in this assessment. Separate actions track the conditions when the
LLS is initially isolated [i.e., during selected periods of shutdown (POS-1, POS-3,
and POS-4)] or not. The time available to perform this action is before the RAT heavy
water temperature exceeds the heavy water shutdown pump temperature limit of 70°C.
Success of this top event permits the heavy water shutdown pumps to be used for heavy
water forced circulation.
•

Top Events SPA, SPB, NRV, ¥C, HE, and RV. These top events descriptions are all
similar to those for heavy water leaks to the heavy water plant room.

•

Top Event NZ — Fuel Element Nozzles Leak Tight. Leaks through the fuel element
nozzles are not important for leaks to the RST because the lower portion of the heavy
water circuit is full. Therefore, this top event is guaranteed successful.

•

Top Event D2O — 1/2 D2O Shutdown Pumps Start and Operate. This top event
models the automatic response of the heavy water shutdown pumps following trip of the
main heavy water pumps. For leaks, the heavy water shutdown pumps may also be
started automatically by an ECCS signal. Success of this top event implies that at least
one of the two heavy water shutdown pumps starts and operates successfully for
TM hours.
For leaks, a key consideration is the heavy water level in the RAT. The heavy water
shutdown pumps trip automatically if RAT level falls below L2; i.e., 116 cm. This can
occur for leaks to the RST as water fills the voids of the graphite and then more slowly,
additional water is absorbed by the graphite. Isolation of the leak is not possible. Top
Event D2O is assumed failed if no makeup is added from the main heavy water storage
tank by a LLS pump.
If heavy water makeup is added (i.e., Top Event LLP is successful), then the equilibrated
RAT and RST levels would be right about at level L2. The heavy water shutdown pumps
may continue to operate, but we conservatively assume that the equilibrated level is just
below L2, causing the heavy water shutdown pumps to trip off. Therefore, D2O is
guaranteed failed for these events. The operator actions to inhibit the ECCS pump trip
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feature and restart a shutdown pump are considered in Top Event RED. If sufficient
makeup is added to raise RAT level back to L2 plus 3 cm (e.g. by introducing an
additional drum of heavy water), automatic restart of the heavy water shutdown pumps
would occur. This possibility has been conservatively neglected.
•

Top Event RED — Recovery of D2O Forced Flow. In the event that heavy water
circulation is not available (i.e., Top Event D2O fails) due to the loss of RAT level, the
operators may restore the heavy water shutdown pumps by inhibiting the ECCS pump
trip feature and restarting a shutdown pump to provide circulation. This action is
conditional on RAT level being above the top of the downcomers. Adequate level is
assumed if the available heavy water in the 1V3 tank is injected; i.e., if Top Event LLP is
successful. If Top Event LLP fails following a leak to the RST, then level is assumed to
be inadequate and Top Event RED is also failed.
This top event models the operator and the equipment actions required to reestablish
heavy water circulation using the shutdown pumps. Success of Top Event RED implies
that forced circulation of the heavy water is reestablished.
Failure of Top Event RED implies that heavy water forced circulation is still not
available, and eventual fuel damage may occur.

•

Top Events NMW, H20, and REH. These top event descriptions are similar to those
for heavy water leaks to the heavy water plant room.

•

Top Event OL2 — Operators Isolate Leak before L2. This top event models the
operator action to isolate the leak. However, for leaks from the RAT to the RST,
isolation of the break flow is not possible. Whether or not makeup is added to the
primary circuit (i.e., Top Event LLP), level is assumed to eventually fall below L2.
Therefore, Top Event OL2 is guaranteed failed.
Failure of this top event means that eventually the RAT and RST levels will equilibrate
below (if Top Event LLP fails) or above (if Top Event LLP succeeds) the top of the
downcomers. Subsequent events to determine the availability of decay heat removal are
still questioned.
If the LLS pump does operate to add heavy water from the main D2O storage tank to the
system, then the equilibrated level will be greater than the entry to the downcomers and
forced circulation flow is possible. Heat removal then remains possible using the heavy
water shutdown pumps.

•

Top Event OWI — Weir Line Isolation/No Transfer to 1V3. Weir line isolation is
not required for leaks to the RST. The scavenge pumps would not be effective because
there would be no leakage collected in the heavy water plant room sumps. If RAT level
fell below LI, the scavenge pumps would run dry. This top event is therefore guaranteed
successful for leaks to the RST.

•

Top Event ORF — Operators Initiate RAT Flooding. This top event description is
similar to that for heavy water leaks to the heavy water plant room.
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•

Top Event HXF — Gravity Driven Flow of D20 through the Heat Exchangers. This
top event is not possible for heavy water leaks to the RST because the risers and
downcomers both remain full of water. Failure of Top Event HXF means that heat
removal via gravity circulation through the heat exchangers is not adequate, and that
some other cooling option is required.

•

Top Event OFP — Operators Initiate Flooding of D2O Plant Room. This top event
description is similar to that for heavy water leaks to the heavy water plant room.

Impacts of Leaks to the RST on the Late Event Tree
•

Top Event N3H — Switch: No Tritium Released to the RCB in Early Tree. For
leaks to the RST with no fuel damage, the heavy water released through the leak is
generally confined to that tank. Only if RAT flooding is initiated would the mixed
inventory be released to the plant room and RCB. Top Event N3H considers whether this
release has occurred.

All other top events in the late tree are the same as described in Section 5.2.2.1 for leaks to the
heavy water plant room.
5.2.2.3 Heavy Water Leaks outside the Heavy Water Plant Room
Another class of leaks is that of heavy water leaks outside the plant room. Lines of this type
include the instrument lines for RAT level DP cells No. 1,2, and 3; and those instrument lines
that measure the heavy water pressure at the discharge of the heat exchangers. These leaks,
though relatively small, are of interest because the leakage flow is not available to the heavy
water plant room sump for recirculation back to the RAT.
The event trees used for this class of leaks are the same as those for leaks to the heavy water
plant room. A description of the top events that are unique to heavy water leaks outside the
heavy water plant room follows.
LEAKS Event Tree
•

Top Event SMP — Leakage Flow Collects in Heavy Water Plant Room Sump. This
top event is a switch to identify where the break flow is collected. For heavy water leaks
outside the plant room, leakage flow collects in the basement of the RCB. There is ample
room to hold all of the leak flow, and none of it flows back into the plant room.
Therefore, Top Event SMP is guaranteed failed. Failure of this top event implies that the
water is not available for recirculation back to the RAT using the scavenge pumps.

•

Top Event LLP — Liquid Level Pump Operates. This top event models the
availability of the normally running liquid level system (LLS) pump after plant trip. For
leak sequences, the LLS pump can provide .28 liters per second of heavy water makeup
from 1V3 to the RAT. This makeup continues until the low level cutoff level in 1V3 is
reached. For small leaks, continued LLS operation can greatly extend the time available
for isolation of the leak. Success of Top Event LLP implies that the normally running
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LLS pump continues operating after plant trip. Failure of Top Event LLP means that
makeup from the LLS is lost.
This top event is of interest for heavy water leaks outside the plant room because the
.28 liters per second makeup rate is sufficient to keep up with the maximum break size of
this type. With flow from the LLS pump, RAT level would not decrease until the low
level cutoff is reached in 1V3, tripping the LLS pump.
Success of this top event greatly extends the time available for the operators to isolate the
leak, as modeled in Top Event OL2.
•

Top Events SPA, SPB, NRV, FC, HE, RV, D2O, RED, NMW, H2O, and REH.
These top events descriptions are all similar to those for heavy water leaks to the heavy
water plant room.

•

Top Event NZ — Fuel Element Nozzles Leak Tight. Leaks through the fuel element
nozzles are not important for leaks outside the heavy water plant room because the lower
portion of the heavy water circuit remains full. Therefore, this top event is guaranteed
successful.

•

Top Event OL2 — Operators Isolate Leak before L2. This top event models the
operator action to isolate the leak. The time available is assumed limited by the time for
RAT level to fall to less than L2; i.e., 116 cm. This time is a function of the break size
and location, and available makeup flow; i.e., Top Event LLP. Level L2 rather than the
time to fuel damage is chosen as limiting the time available. This is because plant
accident procedures preclude isolation of the leak if radiation levels are too high or if
RAT level drops below L2. In such cases, the operators are directed to evacuate the
RCB. Since arming the RAT flooding system must be completed from within the RCB,
conservatively, no credit is assumed for isolation of the leak once RAT level falls below
L2. The computed time to reach level L2 is substantial but also dependent on the status
of the LLS pump (see Appendix D).
Successful isolation requires that the break be in a location where closure of a valve can
stop the leak. All of the instrument lines that might lead to a leak outside the plant room
can be isolated from the plant room. Therefore, the probabilities for isolating a leak
outside the plant room before level falls below L2 are dependent only on the operators'
response.
Success of Top Event OL2 implies that the leak is isolated, and that additional makeup is
not required. Fuel cooling is still required but is very likely to achieved. Therefore, in
the LEAKS event tree for leaks outside the plant room, the accident sequences following
successful isolation of the leak are not developed further.

•

Top Event OWI — Weir Line Isolation/No Transfer to 1V3. Weir line isolation is
not required for leaks outside the heavy water plant room. This top event is therefore
guaranteed successful for leaks outside the heavy water plant room.. The scavenge
pumps would not be effective because there would be no leakage collected in the heavy
water plant room sumps. If RAT level fell below LI, the scavenge pumps would run dry.
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•

Top Event ORF — Operators Initiate RAT Flooding. In the event that either or both
heavy water and light water forced circulation cannot be maintained, the operators can
still establish fuel cooling by introducing mains water directly to the RAT and allowing
for once through cooling. For heavy water leaks outside the plant room, makeup using
RAT flooding is required if the leak is not isolated; i.e., if Top Event OL2 fails.
Special provisions for aligning mains water to the RAT are provided. This top event
models the operator action required to arm and initiate RAT flooding. Actions both
inside and outside the RCB are required to complete the alignment. The RAT flooding
system is to be armed prior to the operators evacuating the RCB. Final initiation of the
system is performed from the ECR. The operators are also instructed to request the Site
Operations Safety Supervisor (SOSS) to start the standby fire booster pump in Building 4
to increase the RAT flooding system flow rate from 1 to 2 liters per second.
Success of RAT flooding requires that there be an adequate vent path to relieve the
makeup flow; i.e., Top Event RV must be successful.
The time available to complete the RAT flooding alignment is judged to be limited by the
action to arm the RAT flooding system from within the RCB. The time available is until
just before the RAT level reaches L2, at which time evacuation of the RCB is required.
This time is likely to be shorter for leaks than for nonleak sequences involving losses of
decay heat removal. The time available to initiate RAT flooding is a function of the rate
of loss of inventory due to boil off of the heavy water, and by the earlier failure to
provide adequate makeup to compensate for the break flow. For leaks outside the plant
room, makeup is not available and the time available to establish RAT flooding is
governed by the leakage rate. For the maximum leak rate outside the plant room, more
than 1.7 hours is available before level falls to L2 (see Appendix D).
RAT flooding provides adequate makeup flow for level control for all heavy water leaks
outside the plant room. Success of Top Event ORF implies that 1 liter per second of
mains water flow is directed into the RAT. Starting the fire booster pump is not required
to achieve this flow rate.
Failure of Top Event ORF means that RAT cooling or inventory control are not yet
available.

•

Top Event HXF — Gravity Driven Flow of D20 through the Heat Exchangers. This
top event is not possible for heavy water leaks outside the heavy water plant room
because the risers and downcomers both remain full of water. Failure of Top Event HXF
means that heat removal is not adequate, and that some other cooling option is required.

•

Top Event OFP — Operators Initiate Flooding of D2O Plant Room. In the event that
forced cooling is lost and that initiation of RAT flooding is not possible, the operators
may initiate plant room flooding and rely on scavenge pump flow back to the RAT to
provide many hours of fuel cooling. This top event considers the operator action to align
for flooding of the D2O plant room from outside the RCB. For heavy water leaks outside
the plant room, this action is not considered. It is intended only for large leaks to the
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plant room. None of the possible leak locations outside the plant room would involve
such large leaks. Therefore, this event is guaranteed failed for leaks outside the plant
room.
Late Event Tree for Leaks
All top events in the late tree for leaks outside the heavy water plant room are the same as
described in Section 5.2.2.1 for leaks to the heavy water plant room.
5.2.2.4 Heavy Water Leaks to the Light Water System via the Heat Exchangers
This section describes the differences in the top event descriptions for leaks via the heat
exchangers versus leaks to the heavy water plant room described earlier.
LEAKS Event Tree
•

Top Event SMP — Leakage Flow Collects in Heavy Water Plant Room Sump. This
top event is a switch to identify where the break flow is collected. For heavy water leaks
to the light water circuit via the heat exchangers, leak flow is released through the light
water system and is transported to the cooling tower pond. Therefore, Top Event SMP is
guaranteed failed. Failure of this top event implies that the leakage is not available for
recirculation back to the RAT using the scavenge pumps.

•

Top Event LLP — Liquid Level Pump Operates. This top event models the
availability of the normally running liquid level system (LLS) pump after plant trip. For
leak sequences, the LLS pump can provide .28 liters per second of heavy water makeup
from 1V3 to the RAT. This makeup continues until the low level cutoff level in 1V3 is
reached. For small leaks, continued LLS operation can greatly extend the time available
for isolation of the leak. Success of Top Event LLP implies that the normally running
LLS pump continues operating after plant trip. Failure of Top Event LLP means that
makeup from the LLS is not available.
This top event is of interest for heavy water leaks to the light water system via the heat
exchangers because the .28 liter per second LLS makeup rate extends the time available
to isolate the leaking heat exchanger (see Appendix D).
Success of this top event then extends the time available for the operators to isolate the
leak, as modeled in Top Event OL2.

•

Top Events SPA, SPB, NRV, FC, HE, RV, D20, RED, NMW, H2O, and REH.
These top events descriptions are all similar to those for heavy water leaks to the heavy
water plant room.

•

Top Event NZ — Fuel Element Nozzles Leak Tight. Leaks through the fuel element
nozzles are not important for leaks to the secondary via the heat exchangers because the
lower portion of the heavy water circuit remains full. Therefore, this top event is
guaranteed successful.
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•

Top Event OL2 — Operators Isolate Leak before L2. This top event models the
operator action to isolate the leak. The time available is assumed limited by the time for
RAT level to fall to less than L2; i.e., 116 cm. This time is a function of the break size
and location, and available makeup flow; i.e., Top Event LLP. Level L2 rather than the
time to fuel damage is chosen as limiting the time available.
The leaking heat exchanger can be isolated without having to enter the plant room.
However, plant procedures instruct the operators to first enter the heavy water plant room
and isolate the heavy water of the affected heat exchanger. Therefore, radiation levels
play an important part in the evaluation of this action. Conservatively, this assessment
takes no credit for isolation of the leak once RAT level falls below L2. For this
assessment, a maximum size leak resulting from one offset heat exchanger tube is
assumed; i.e., 0.7 liters per second. This leak rate still provides more than 40 minutes
until RAT level falls to L2, even assuming no makeup from the LLS (see Appendix D).
A separate action for isolation of the ruptured heat exchanger is considered if the leak
occurs during shutdown. After just a few hours of decay, the activated nitrogen-16 level
would be negligible. Therefore, the three scintillation detectors used to identify the
leaking heat exchanger would subsequently be ineffective. This complication is
considered in the evaluation of the operator action for shutdown conditions.
Success of Top Event OL2 implies that the leak is isolated, and that additional makeup is
not required. Fuel cooling is still required but is very likely to be achieved. Therefore, in
the LEAK event tree, the accident sequences involving successful isolation of the initial
leak are not developed further.

•

Top Event OWI — Weir Line Isolation/No Transfer to 1V3. Weir line isolation is
not required for leaks to the secondary via the heat exchangers. This top event is
therefore guaranteed successful for leaks via the heat exchangers.. The scavenge pumps
would not be effective because there would be no leakage collected in the heavy water
plant room sumps. If RAT level fell below LI, the scavenge pumps would run dry.

•

Top Event ORF — Operators Initiate RAT Flooding. In the event that either or both
heavy water and light water forced circulation cannot be maintained, the operators can
still establish fuel cooling by introducing mains water directly to the RAT and allowing
for once through cooling. For heavy water leaks to the light water system via the heat
exchangers, makeup using RAT flooding is required if the leak is not isolated; i.e., if Top
Event OL2 fails.
Successful RAT flooding provides adequate makeup for level control for all heavy water
leaks to the light water system via the heat exchangers. Recall that heat exchanger
leakage corresponding to a single offset tube is considered; i.e., 0.7 liters per second.
Though less likely, leakage equivalent to more than one heat exchanger tube may occur.
However, the initial leakage would have to be substantially greater than 0.7 liters per
second to preclude the use of RAT flooding as a viable backup. As RAT level decreased
below L2, heavy water circulation flow would be lost limiting the driving force for
continued heat exchanger leakage. Therefore, the study team considers the risks from
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heat exchanger leaks large enough to preclude RAT flooding as a viable backup to be
negligible.
Failure of Top Event ORF means that RAT flooding is not available. This then requires
that the operators successfully isolate the leaking heat exchanger or fuel damage will
occur.
•

Top Event HXF — Gravity Driven Flow of D20 through the Heat Exchangers. This
top event is not possible for heavy water leaks to the light water circuit via the heat
exchangers because the risers and downcomers both remain full of water. Here we make
the contrary and conservative assumption that the assumed leak flow through the ruptured
heat exchanger is not sufficient for heat removal. Failure of Top Event HXF means that
heat removal is not adequate, and that some other cooling option is required.

•

Top Event OFP — Operators Initiate Flooding of D2O Plant Room. This top event is
assumed guaranteed failed for heavy water leaks to the light water system. The action to
flood the plant room was intended for large leaks into the heavy water plant room. Leaks
through the heat exchangers would not be large and would be to the light water circuit
rather than the plant room sumps. Therefore, no credit is given for this action.

Late Event Tree
All top events in the late tree for heat exchanger leaks are the same as described in
Section 5.2.2.1 for leaks to the heavy water plant room. If the leaking heat exchanger is not
isolated, the release of radiation is assumed to bypass the RCB.

5.2.2.5 Weir Line Leaks inside the RAT
The leakage flow from weir line leaks inside the RAT collect in the main heavy water storage
tank 1V3. These events are of concern because the leak may be located below the top of the fuel
and because the water is lost from the RAT, yet not available to the heavy water plant room
sump for recirculation back to the RAT.
The event trees used for this class of leaks are the same as that for leaks to the heavy water plant
room. A description of the top events that are unique to weir line breaks inside the RAT follows.

LEAKS Event Tree
•

Top Event SMP — Leakage Flow Collects in Heavy Water Plant Room Sump. This
top event is a switch to identify where the break flow is collected. For weir line leaks
inside the RAT, the leakage collects in the main heavy water storage tank; i.e., 1V3.
There is ample room in 1V3 to hold all of the heavy water. Therefore, Top Event SMP is
guaranteed failed. Failure of this top event implies that the water is collected outside the
plant room.

•

Top Event LLP — Liquid Level Pump Operates. This top event models the
availability of the normally running liquid level system (LLS) pump after plant trip. For
leak sequences, the LLS pump can provide .28 liters per second of heavy water makeup
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from 1V3 to the RAT. This makeup continues until the low level cutoff level in 1V3 is
reached. For small leaks, continued LLS operation can extend the time available for
isolation of the leak. Success of Top Event LLP implies that the normally running LLS
pump continues operating after plant trip. Failure of Top Event LLP means that makeup
from the LLS is lost.
This top event is of interest for weir line leaks inside the RAT because the maximum leak
rate would be only 1 liter per second.
Success of this top event extends the time available for the operators to isolate the leak
before RAT level falls below L2.
•

Top Events SPA, SPB, NRV, FC, HE, RV, D2O, RED, NMW, H2O, and REH.
These top events descriptions are all similar to those for heavy water leaks to the heavy
water plant room.

•

Top Event NZ — Fuel Element Nozzles Leak Tight. Leaks through the fuel element
nozzles are not important for weir line leaks inside the RAT because the lower portion of
the heavy water circuit is full. Therefore, this top event is guaranteed successful.

•

Top Event OL2 — Operators Isolate Leak before L2. This top event models the
operator action to isolate the weir line leak. The time available is assumed limited by the
time for RAT level to fall to less than L2; i.e., 116 cm. This time is a function of the leak
size and location, and available makeup flow; i.e., Top Event LLP. The scavenge pumps
cannot provide makeup because there is no water in the heavy water plant room sump;
i.e., Top Event SMP is failed.
All weir line leaks inside the RAT can be isolated by closing manual valve VI052 from
inside the heavy water plant room. Therefore, determination of the probability for
isolating a weir line leak inside the RAT before level falls below L2 simply requires
modeling the operator's response. For a bounding weir line leak of 1 liter per second, the
time to level L2 is 32 minutes if the LLS pump does not operate, and 38 minutes if it
does (see Appendix D).
Success of Top Event OL2 implies that the leak is isolated, and that additional makeup is
not required. Fuel cooling is still required, but is very likely to achieved. Therefore, in
the LEAKS event tree, the accident sequences involving successful isolation of the initial
leak prior to RAT level L2 are not developed further.

•

Top Event OWI — Weir Line Isolation/No Transfer to 1V3. For weir line leaks
inside the RAT, weir line isolation is already considered via Top Event OL2. For such
leaks, this top event is assumed to be guaranteed successful if Top Event OL2 is
successful. If Top Event OL2 fails, this top event is also guaranteed failed.

•

Top Event ORF — Operators Initiate RAT Flooding. In the event that either or both
heavy water and light water forced circulation cannot be maintained, the operators can
still establish fuel cooling by introducing mains water directly to the RAT and allowing
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for once through cooling. For weir line leaks inside the RAT, makeup using RAT
flooding is required if the leak is not isolated; i.e., if Top Event OL2 fails.
The operators must arm and initiate RAT flooding before fuel uncovery. Assuming a
bounding weir line leak of 1 liter per second with no makeup from LLS; RAT level LI
would be reached in 8 minutes, L2 in 32 minutes, and the time for level to fall to the top
of the fuel would be 42 minutes (see Appendix D). It is assumed that the operators must
arm RAT flooding before evacuating the RCB before L2 and likely soon after level falls
below LI. Some additional time then remains for them to initiate RAT flooding from the
ECR.
RAT flooding provides adequate makeup for level control for all weir line breaks inside
the RAT. Success of Top Event ORF implies that 1 liter per second of mains water flow
is directed into the RAT.
Failure of Top Event ORF means that RAT cooling is not available and, if isolation of
the leak is not successful, fuel damage will occur.
•

Top Event HXF — Gravity Driven Flow of D20 through the Heat Exchangers. This
top event is not possible for weir line breaks inside the RAT because the risers and
downcomers both remain full of water. For weir line leaks inside the RAT, failure of Top
Event HXF means that heat removal is not adequate, and that some other cooling option
is required.

•

Top Event OFP — Operators Initiate Flooding of D2O Plant Room. For weir line
leaks inside the RAT, this top event is assumed guaranteed failed. This action was
intended for large leaks with the leakage flow collected in the heavy water plant room
that are not isolated, success of this top event or success. Leaks from the weir line are
limited to less than 1 liter per second. Therefore, no credit is given for this action in the
current assessment.

Late Event Tree for Weir Line Leaks
•

Top Event N3H — Switch: No Tritium Released to the RCB in Early Tree. For
weir line leaks with no fuel damage, the release of tritium is generally confined to the
1V3 tank. Only if RAT flooding is initiated would there be a release to the plant room,
or to the RCB.

All other top events in the late tree are the same as described in Section 5.2.2.1 for leaks to the
heavy water plant room.

5.2.2.6 Weir Line Leaks outside the RAT
The sequences stemming from this initiator need not be modeled by an event tree. See the
description of the ESD for this initiator in Section 5.2.1.6.
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5.2.3 Other POSs with Fuel in the Reactor for Leak Initiating Events
The above top event descriptions apply when the reactor is at full power; i.e., POS-5, Startup and
Full-Power Operation. The following paragraphs describe the changes to these top events when
the same event trees are used to represent accident sequences originating from plant operating
states POS-1, Planned Reactor Shutdown - Cooldown Period; POS-2, Planned Reactor
Shutdown - Maintenance Period; POS-3, Low Power Operation - Before and After Fuel
Replacement; and POS-4, Fuel Replacement. The leak event trees are not used to represent the
remaining plant operating states (i.e., POS-6 through POS-13) because these states are not
concerned with the fuel while it is inside the RAT.
The branch probability changes needed for the early and late event tree structures for leaks to
represent POS-2 through POS-4 are described below. Only those different system states that
impact the top event quantifications are now described. Maintenance conditions that may disable
one or more trains of equipment in the different plant states are considered separately and
therefore are not described below.
5.2.3.1 POS-1: Planned Reactor Shutdown - Cooldown Period
The key differences between this plant operating state and POS-5 reflect the different system
states for the initial 24 hours of a shutdown.
The liquid level system is isolated from the RAT soon after plant trip. For leaks to the RST,
credit is given for the operators to realign and start a LLS pump to provide makeup flow. For all
other leaks, Top Event LLP is assumed to be guaranteed failed in POS-1. However, Top
Event OWI, isolation of the weir line, is then guaranteed successful.
The two heavy water shutdown pumps modeled in Top Event D2O are already running soon
after reactor trip, and so do not have to start if a disturbance occurs. The main heavy water
pumps are not to be run while the RAT is isolated from the helium system, an action which is
performed soon after plant trip. The operators might still de-isolate the RAT, and then restart the
main heavy water pumps. No credit is given for this action, which is not proceduralized.
Therefore, the main heavy water pumps are not considered when evaluating Top Event D2O
or RED.
The main heavy water nonreturn valves have already closed, and need not reseat again; i.e., Top
Event NRV is guaranteed successful.
Finally, the initial state of the light water cooling system (i.e., represented by Top Event H2O) is
that one main light water pump is operating, with the two shutdown pumps in backup. The
mains water cooling system is not initially aligned; i.e. Top Event NMW is guaranteed
successful. However, if the 6-month pond cleaning is undertaken, then mains water cooling is
aligned soon after plant shutdown. In this case, we make the simplifying assumption that mains
water is aligned to the heat exchangers for the entire 24-hour period of POS-1.
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5.2.3.2 POS-2: Planned Reactor Shutdown - Maintenance Period
The key differences between this plant operating state and POS-5 reflect the different system
states for shutdown conditions more than 24 hours after plant trip, but with the reactor not at low
power and with fuel replacement not in progress.
The RAT is assumed not to be isolated during this POS. One LLS pump is assumed operating.
Therefore, for POS-2, Top Event LLP is evaluated similarly to that for POS-5. If a leak to the
heavy water plant room occurs and cannot be isolated, the weir line must be isolated to prevent
flow diversion to 1V3.
The two heavy water shutdown pumps modeled in Top Event D2O, are already running, and so
do not have to start if a disturbance occurs. The main heavy water pumps are not normally
running but may be aligned because the RAT is not isolated from the helium system. Therefore,
the main heavy water pumps should be considered when evaluating Top Events D2O and RED.
The main heavy water nonreturn valves have already closed, and need not reseat again; i.e., Top
Event NRV is guaranteed successful.
The shield cooling system is shutdown during this period. Also, the light water cooling system
is isolated from the shield cooling circuit heat exchanger.
Finally, the mains water cooling system is initially aligned to the secondary side of one heat
exchanger during this plant operating state; i.e., Top Event NMW is failed. The normal light
water cooling system remains as a backup. However, if the 6-month pond draining is to be
performed, light water cooling is not available after 24 hours; i.e., because the pond is drained
below the light water shutdown pump suction level.
5.2.3.3 POS-3: Low Power Operation - Before and After Fuel Replacement
The key differences between this plant operating state and POS-5 reflect the different system
states for low power operating conditions, which occur more than 60 hours after plant trip.
The liquid level system is isolated from the RAT during this POS. For leaks to the RST only,
credit is given for the operators to realign and start an LLS pump to provide makeup flow.
Therefore, when in POS-3 for leaks other than to the RST, Top Event LLS is assumed to be
guaranteed failed. However, Top Event OWI, isolation of the weir line, is then guaranteed
successful.
The two heavy water shutdown pumps modeled in Top Event D2O are already running, and so
do not have to start if a disturbance occurs. The main heavy water pumps are not to be run while
the RAT is isolated from the helium system as in POS-3. The operators might still de-isolate the
RAT, and then restart the main heavy water pumps. Credit is given for this action, which is not
proceduralized. Therefore, the main heavy water pumps are considered when evaluating Top
Event RED.
The main heavy water nonreturn valves have already closed, and need not reseat again; i.e., Top
Event NRV is guaranteed successful.
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Shield cooling is not available during this period because light water cooling to the shield
cooling circuit heat exchanger is isolated.
Finally, the mains water cooling system is aligned to the secondary side of one heat exchanger
during this plant operating state; i.e., Top Event NMW is failed. The normal light water cooling
system remains as a backup. However, if the 6-month pond draining is to be performed, light
water cooling is not available after 24 hours; i.e., because the pond is drained below the light
water shutdown pump suction level.
5.2.3.4 POS-4: Fuel Replacement
The key differences between this plant operating state and POS-5 reflect the different system
states during fuel replacement. The system conditions are similar to those for POS-2.
The liquid level system is isolated from the RAT during fuel replacement. For leaks to the RST
only, credit is given for the operators to realign and start a LLS pump to provide makeup flow.
Therefore, for all other leaks when in POS-4, Top Event LLP is assumed to be guaranteed failed.
However, Top Event OWI, isolation of the weir line, is then guaranteed successful.
The two heavy water shutdown pumps modeled in Top Event D2O are already running, and so
do not have to start if a disturbance occurs. The main heavy water pumps are not to be run while
the RAT is isolated from the helium system. As discussed in Section 4.3, the RAT is assumed
isolated during fuel replacement for this assessment. The operators might still de-isolate the
RAT, and then restart the main heavy water pumps. Credit is given for this action, even though
it is not described in the plant accident procedures. Therefore, the main heavy water pumps are
considered when evaluating Top Event RED in POS-4.
The main heavy water nonreturn valves have already closed, and need not reseat again; i.e., Top
Event NRV is guaranteed successful.
During a portion of this plant operating state, the fuel elements are lifted for replacement and the
fresh fuel elements inserted into the nozzles. During this portion of the plant operating state, the
nozzles are not seated. In the event that a large leak occurs that drains the fuel element channels
during this time, then Top Event NZ is failed. During a major shutdown, fuel removal from the
RAT takes place over a period of 2 days. During this period, the fuel nozzles are not seated and
Top Event NZ is guaranteed failed.
Shield cooling is not available during this period because light water cooling to the shield
cooling circuit heat exchanger is isolated.
Finally, the mains water cooling system is initially aligned to the secondary side of one heat
exchanger during this plant operating state; i.e., Top Event NMW is failed. The normal light
water cooling system remains as a backup. However, if the 6-month pond draining is to be
performed, light water cooling is not available after 24 hours; i.e., because the pond is drained
below the light water shutdown pump suction level.
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\DISTAREPORTASECT 5.2.DOC.01/14/98

5.2-50

ALTERNATE
HEAT REMOVAL
REQUIRED

13.2.2.7/3

RAT FLOODING
INITIATED BEFORE
FUEL UNCOVERY; >
45 MIN AVAIL.

ECCS
ERATOR FLOOD
D2O CIRCUIT TO
MAINTAIN D2O
TEMPERATURE < 70
C

RAT VENT UNISOLATED;
BURST DISC RUPTURES
AT 25 kPafe), RELIEVING
EXCESS WATER TO
DPR

MAKEUP FLOW IN
EXCESS OF LEAK
THROUGH HX IS
VENTED TO DPR/RCB

TRANSFER TO SHEET
OF GENERAL
TRANSIENTS BUT WITH
EXTRA TRITIATED D2O
RELEASE THROUGH
SECONDARY

rtv

RAT RELIEF AT 220
kPa(g) VIA 1/2 ECCS
BURST DISCS

LEAKING HX
ISOLATED
PRIOR TO FUEL
DAMAGE
OL2

TRANSFER TO SHEET 5 \
OF GENERAL
\
TRANSIENTS BUT WITH
\
EXTRA TRITIATED D2O
/
RELEASE THRU
/
SECONDARY
/

Y
TRANSFER TO SHEET 5 \
OF GENERAL
\
TRANSIENTS BUT WITH
\
EXTRA TRITIATED D2O
\
AND FUEL FISSION
/
PRODUCT RELEASE T H R U /
THE SECONDARY
/

y

Figure 5.2-4 (Page 2 of 2). ESD for Heavy Water Leaks into the Light Water Circuit via the Heat Exchangers
\DIST\REPORT\SECT 5.2.DOC.01/14/98

5.2-51

\AEIR LINE LEAK
INSIDE RAT
BELCWFUEL
ELEMENTS (<1
I/sec)

CEO TRANSFERS TO
1V3, RATLCW LEVEL
V\ARMN3AT164CM,
1V3 LEVEL
INCREASING

NO. WET SUMP
ALARM, D2O LEAK
WARMNGS.CR
TRITIUM IN DPR

RXTRIP
ASSUMED

UOUID LEVEL
PUMP
OPERATES TO
ACDD2O

CPERATCRS
ACCESS DPR AND
ISOLATE LEAK
BEFORE L1, CLOSE
V10S2

MINUTES TO
L1

MAY INCREASE
MAKEUP FLCWBY
OPENING VALVE 1016
TOBYPASS ION

OPERATORS
RERLRAT
LBINGLLS
PUvPS

HXHEAT
REMOVAL
AVAILABLE

NO RELEASE;
C2O
RETAINED IN
IV3+RAT

LLP
\

4

f

7 MINUTES TO
RATL1; 1SCLATICN
ASSUMED NOT
POSSIBLE

CPERATCRSARM
RATFLCCPNG,
EVACLKTE,AND
SEALTVCRC8

MAIN CEO PUVPS
ECCS
SK3*LAT
RAT=L1

STOPPED (CAN NOT
BE RESTARTED UNTIL
LEVEL RESTORED >
LI)

NOT
DEVH.CPED
FURTVER

NCt+RETURN
VALVES FOR MAIN
D2O PUVPS ALL
RESEAT

1/2D2OSD
PUVPS
OPERATE

ATLEAST1H2O
MAINVSDPUMP
OPERATES FOR
\

CRF/EVC
OBIOA

NRV

RATPRESSURE
RELIEF ISOLATION
VALVES NOT
OPENED BY LOW
LEVEL SIGNAL

CPERATCRS
ISOLATE LEAK
BEFORE L2, CLOSE
V10S2

D2O

CL2

E,

\

RETAINED IN
1V3AhDRAT

/

/
/

NVWVH2O
MANUAL
HOOKUP VIA
MAINS WATER
TOHX

MANUAL TRIP
CFMAIND2O
PUMPS

REH
CPERATCRS OPEN CPR
DOOR AND USE SCS
CCOJN3 W T H FORCED
D20FLCW
D2O FORCED
FLCWNDT
AVAILABLE

SHELD
CCCUN3
SYSTEM
OPERATES

HEATTRANSFER
ASSUVED
INADEQUATE TO UMT
TEM=ERATUFE
INCREASES

RATMAKEUP
RECUREDFCR
hEATREMCVAL

Figure 5.2-5 (Page 1 of 2). ESD for Weir Line Leaks Inside the RAT
\DIST\REPORTASECT 5.2.DOC.01/14/98

5.2-52

FROM
SHEET 1

ERATORS FLOO
PRIMARY CIRCUIT TO
MAINTAIN D2O
TEMPERATURE < 70
C

RAT FLOODING
INITIATED BEFORE
RAT LEVEL FALLS
BELOW L2

RAT VENT UNISOLATED;
BURST DISC RUPTURES
AT25kPa(g), RELIEVING
EXCESS WATER TO
DPR

MAKEUP FLOW IN
EXCESS OF LEAK
THROUGH HX IS
VENTED TO DPR/RCB

TRANSFER TO
SHEET 4 OF
GENERAL
TRANSIENTS

ORF

RAT RELIEF AT 220
kPg(g) VIA 1/2 ECCS
BURST DISKS

POTENTIAL RAT
OVERPRESSURE

TRANSFER T O '
SHEET S OF
GENERAL
TRANSIENTS

Figure 5.2-5 (Page 2 of 2). ESD for Weir Line Leaks Inside the RAT

\DIST\REPORT\SECT_5.2.DOC.01/14/98

5.2-53

WEIR LINE
BREAKS
OUTSIDE RAT
(< 0.28 I/sec)

BREAK LOCATION
ASSUMED TO BE
OUTSIDE RST, FLOW
COLLECTS IN DPR

HELIUM BLANKET
GAS RELEASED TO
DPR/RCB; TRITIUM
LEVEL IN RCB RISES

OPERATORS ARM
RAT FLOODING,
EVACUATE, AND
SEAL THE RCB

NOT
DEVELOPED
FURTHER

LIQUID LEVEL
PUMP
OPERATES TO
ADD D2O

l O W LEVEL ON
IV3 SHUTS OFF
LLS PUMP

WEIR FLOW
AND BREAK
FLOW STOP

STABLE,
LEVEL AT
TOP OF
WEIR

LLP

Figure 5.2-6. ESD for Weir Line leaks Outside the RAT
\DIST\REPORT\SECT 5.2.DOC.01/14/98

5.2-54

a

55

Lie

SP6

N«V

020

HZ
-XJ2

RED

HKU

H20

«EH 012

X31

1
2
3
4
S
6
7
8
9
10
11
12
13
14
IS
16
17*
18
19
20
21
22
23
24
25
26
27
28
29
30
31
J2
33
34

3

oo

X12
X13
X13
X31
X32
XU
X14

1
2
3
4
5
6
7-13
13
14
15
16
17-18
19-36
37-72
73
74
75
76
77
78
79-82
83-92
93-98
99-124
125
126
127-128
129
130
131-136
137-H8
149
150
151
152
153
154
155-160
161-284
285
286
287
288-290
291-296
297-302
303-604
605-1208
1209-J4H
2417-3624

SO
51
52
53 X26
54
55
56
57
58 X33
59 X34
60
61
62
63
64 X35
65 X35
66 X36
67
68
69
70
71
72
73 X37
74 X36
75 X38
76 X40
77
78
79
80
61 X41
82 X42
83 X43
84 X15
85
86
87
88
89 XI6
90
91
92
93
94 X17
95 X18
96
9?
98
99
100 X19
101 X19
102 X20
103
104
105
106
107
108
109 X21
110 X22
111
112
113
114
115
116
117 X23

3625
3626
3627
3628-3650
3631
3632
3633
3634
3635-3644
364S-3664
3665
3666
3667
3668
3669-3672
3673-J676
3677-368B
3689
3690
3691
3692
3693
3694
3695-3700
3701-3712
3713-3724
3725-3788
3789
3790
3791
3792
379J-3796
3797-3968
3969-4J12
4313-8624
8625
8626
8627
8*28
8629-8432
8633
8634
8635
8636
8637-8648
8649-8672
8673
8674
8675
8676
8677-8680
8681-8684
8685-8696
8697
8698
8699
8700
8701
8702
8703-8708
8709-8720
8721
8722
8723
8724
8725
8726
8727-S73J

Xt

X2?
X2
X]

X28
X^
X6
X5
X7
X8
X9

35
36
37
38
39
40
41
42
43
44
4S
46
47
48
49

-X43-

U—X«l

-X36-

-X38

X37-

-X41-

-X27-

-X25-

-X24-

—XIO

X17-

-X22

X21-

1(23

-X1S-

1
1

1

to
u

ON

XIO
X11

SMP - LEAKAGE FLOW COLLECTS IN HEAVY WATER PLANT ROOM SUMP
LLP - LIQUID LEVEL PUMP OPERATES
SPA - SCAVENGE PUMP A STARTS AND OPERATES
SPB - SCAVENGE PUMP B STARTS AND OPERATES
NRV - 2/2 MAIN D2O PUMP NONRETURN VALVES RESEAT
NZ - FUEL ELEMENT NOZZLES LEAK TIGHT
FC - INITIAL FUEL COOLING/ WOLTER'S COOLING
I IE - HELIUM GAS HOLDER AUTOMATICALLY ISOLATES
RV - 1/2 RAT RELIEF VALVES OPEN TO RELIEVE PRESSURE
D2O - 1/2 D2O SHUTDOWN PUMPS START AND OPERATE
RED - RECOVERY OF D2O FORCED FLOW
NMW - MAINS WATER COOLING NOT INITIALLY ALIGNED FOR HEAT EXCHANGER COOLING
II2O - 1/3 MAIN H2O PUMPS OR 1/2 SHUTDOWN H2O PUMPS
REII - OPERATORS ALIGN BACKUP H2O COOLING WATER (MAINS WATER OR NORMAL COOLING FLOW) TO ONE HEAT EXCHANGER
OL2 - OPERATORS ISOLATE LEAK BEFORE L2
OWI - WEIR LINE ISOLATION/NO TRANSFER TO 1V3
ORF - OPERATORS INITIATE RAT FLOODING
HXF - GRAVITY DRIVEN FLOW OF D20 THROUGH THE HEAT EXCHANGERS
OFP - OPERA TORS INITIATE FLOODING OF D2O PLANT ROOM

Figure 5.2-7. Leaks Early Event Tree for Leaks

IE

M3H

MFD

TfS

EVC

OFN

HV

AE

018

CIB

-X5-

CI

SC

HKC

OK

W

1
2
3
4

-X1-

-X3-

SV

1
2
3

5
& XI
-X8-

7
8
9 X2
10 X3
11

-X2-

12
1S X4
14 X4
15 X5
16 X6
-X10-

-X9-

17

-X7-

18
19
20 X7
21 X8
22 X9

X13

X12-X11-

25
26
27
28
29
30
31

X10
X1
XI

-0(16-

-X15i

14-25

26

27
28-53
54-79
80-157
158-313

314
315
316
317-319
320-323
324-333

336-357
358-361
362-365

366
367
368
XII

32
J3
34
35
36 X12
J7 X1J
38 X14
-X18-

6-9
10
11
12-13

334
335

23
24
-X14

4
5

369-371

372
373

374
375
376-393
394-429
430-501

39
40
41
42

502
503
504

43 X15
44 X15
45

506-509
510-513

46

47
48
49

505
514
515
516

50

517
518
519

51 X16
52 X17
53 X18

520-537
538-543
544-585

LATE Event Tree Top Events:
N3H - SWITCH: NO TRITIUM RELEASED FROM RAT IN EARLY TREE
NFD - SWITCH: NO FUEL DAMAGE IN EARLY TREE
TES - RCB ISOLATION TEST NOT IN PROGRESS AT START OF ACCIDENT
EVC - SWITCH: CONDITIONS FOR EVACUATION OF THE RCB EXIST
OFN - OPERATORS MANUALLY ALIGN STANDBY VENTILATION TRAIN
NV - NORMAL VENTILATION CONTINUES
AE - ACTIVE EXTRACT VENTILATION CONTINUES
OIB - OPERATORS MANUALLY ISOLATE REACTOR CONTAINMENT BUILDING
CIB - AUTOMATIC/MANUAL ISOLATION OF THE BUTTERFLY VALVES ON THE FIVE PENETRATIONS WITH WATER SEALS
CI - AUTOMATIC/MANUAL CONTAINMENT ISOLATION ON HIGH RADIATION
SC -1/3 SPACE CONDITIONERS OPERATE
HXC - HEAT EXCHANGER COOLING FROM OUTSIDE AFTER FUEL DAMAGE
OIA - OPERATORS ISOLATE COMPRESSED AIR SYSTEM TO RCB
OV - OPERATORS ALIGN SAVS/ VENT PRESSURE BUILDUP IN RCB
SV - STANDBY ACTIVE EXTRACT SYSTEM OPERATES FOR VENTING

Figure 5.2-8. Late Event Tree for Leaks

\DIST\REPORT\SECT 5.2.DOC.01/14/98

5.2-57

5.3 Reactivity Events
The discussion found in Section 5.1.2 of the top events that comprise the general transient event
tree pertains to transients that do not initially involve the insertion of positive reactivity.
Modifications to these top event descriptions are necessary to be able to use the general transient
event tree structure to address reactivity insertion transients. These changes in top event
definitions are relevant to only two of the plant operating states:
•
•

POS-3: Low Power Operation - Before and After Fuel Replacement
POS-5: Startup and Full-Power Operation

For POS-1, POS-2, and POS-4, the reactor is maintained subcritical by at least 1% reactivity
even if there is a loss of the highest worth CCA as well as the highest worth rig, per
Section 4.1.1.4 of Reference 5.3-1. Reactivity events for plant operating states other than POS-3
and POS-4 can be postulated. For example, during CCA maintenance in POS-2, a second CCA
could fail. Such scenarios have extremely small frequency, requiring a rare event to
independently and simultaneously with an infrequent maintenance action.
Reactivity transients can be the result of either a decrease in the moderator temperature or the
withdrawal from the core of an absorber. Examples of the first category include significantly
increasing the flow of light water to the heat exchangers during startup, and the inadvertent
starting of the main heavy water pumps during low-power operation. Examples of the latter
category include the mismatch of CCA movement during removal of a rig at power, and the
uncontrolled withdrawal of a CCA during low power operation.
The available analyses of the plant response to reactivity events are summarized in Sections 7.1
and 7.2 of the HSD (Reference 5.3-2). Those analyses updated a number of earlier reactivity
insertion investigations that became outdated as portions of the trip system have been upgraded
and the composition of the CCAs has been changed. The analyses referenced in the HSD
indicate that reactivity transients can be characterized as one of two types of events. In the first
type of event, it has been shown that the reactor protection system is not required to function to
mitigate the initial consequences of the transient. In these cases, the flow instability power levels
(conservatively estimated to be 26 MW for full-power operation and 3.4 MW for low-power
operation) are not exceeded. Examples of transients of this first type include the inadvertent start
of an idle (fourth) light water pump during power operation and the inadvertent start of two main
heavy water pumps when one shutdown heavy water pump was operating in the low power
mode.
Reactivity insertion events of the second type require insertion of the CCAs to limit the amount
of energy generated. An example of transients of this type is the uncontrolled withdrawal of a
CCA.
In this analysis, all reactivity insertion events are considered to be of the second type; i.e.,
reactivity control is assumed to be required. We also chose to adopt a very broad definition for
this second type of events. For example, we include events initiated by the loss of all heavy
water flow in the category of "reactivity insertion" events of the second type. We understand
that, as described in Section 7.4.3.1 of the HSD (reference 5.3-2), the initial plant response
following the loss of all primary flow does not require insertion of the CCAs. The inclusion of
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such events in the definition of events of the second type conservatively addresses both the short
term and long term reactivity control requirements.. The requirement for reactivity control
addresses not only short-term considerations, but also long-term reactivity control that may be
necessary as xenon decay or moderator cooling takes place.
A class of reactivity insertion events can be postulated in which the core is uncovered and xenon
is released from the fuel as the fuel temperature exceeds 550° C. If the core is subsequently
reflooded, for example by RAT flooding utilizing Mains water, an unanalyzed reactivity
insertion could result. Xenon voiding is not explicitly addressed in the PSA models. However,
the definition of core damage (fuel clad temperature in excess of 500° C) assures that any such
xenon voiding scenario is assumed to result in core damage.
Sections 4.1.1.6 and 4.1.1.7 of Reference 5.3-1 place strict limits on the reactivity worth of rigs
that are to be placed in the reactor. No rig with a negative reactivity greater than 1.89%
(normalized to a 2.75 kg 235U core) can be placed in the core, nor can any rig that can add more
than 0.3% reactivity, or reactivity at a rate of 0.5% sec-1 or greater, for any failure or credible
combination of failures. The administrative limits together with the lack of a driving force (due
to the low pressure of the D2O system) argue against "rig ejection" being a credible reactivity
insertion event. In addition, since flow is upward through the core, analyses (summarized in
Reference 5.3-2) have indicated that "rig levitation" is not possible.
The analyses reported in the HSD consider the response of the plant to the insertion of a specific
number of CCAs. For most events considered, successful operation of the system was
considered to result in five of the six CCAs inserting. This "(n-1)" assumption is quite
appropriate for a classical safety assessment. In such an assessment, if there are "n" essentially
redundant components, one assumes that one element, typically the most effective, either fails or
is unavailable. The robust safety of the plant is demonstrated by analyses such as those
summarized in the HSD.
The PSA, on the other hand, has as a central purpose the quantification of the safety. It is
important, therefore, to formulate as realistic a representation of the plant as practical. Not to do
so for important elements of the risk model would overestimate the risk, and, more importantly,
possibly "mask" the true contributors to risk by inflating the frequency of scenarios of lessor
importance. It was decided to review the reactivity insertion transient analyses to determine if
the determination of a more realistic set of success criteria was possible. The criteria for
reactivity control used in this study are the result of discussions with the ANSTO engineering
expert responsible for reactivity analyses (Reference 5.3-3). We believe these criteria to be
reasonable. These criteria are summarized as follows:
1. No credit is taken for the insertion of the safety rods. These rods are of small reactivity
worth (both together have less worth than one CCA). It is certainly expected that
operation of the safety rods would provide sufficient negative reactivity for nonreactivity
insertion transients, but that long-term considerations such as xenon decay and system
cooling may require later action to maintain the shutdown margin. In addition, we have
not been able to identify any available analyses that address the use of the safety rods in
response to reactivity insertion events.
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2. For all but the CCA connecting arm failure transient, the successful insertion of at least
four of the six CCAs will provide sufficient reactivity control. For nonreactivity
insertion events, three of the six CCAs are sufficient.
3. For the CCA connecting arm failure transient, the insertion of four of the remaining five
CCAs, as documented in the HSD, is sufficient to provide reactivity control.
These considerations require that the first four top events in the general transient event tree be
reconsidered for reactivity transients in POS-3 and POS-5.
For reactivity insertion events, no credit is taken for the operator initiating a reactor trip. It is
likely that timely manual action is possible for some of the more benign reactivity insertions;
however, no credit is taken for any of the events considered here. Therefore, Top Event ORT is
assumed to be guaranteed failed.
Top Events RTS and RTP represent the anticipated secondary and primary guard signals to trip
the reactor. As discussed in Section 7.2 of the HSD, different trip signals are anticipated for
specific transients for either low-power or full-power operation. Specific trip parameters include
doubling time, EFTC margin, and halving time. For this analysis, only one input parameter is
assumed to exceed the trip setpoint. This conservative assumption does not significantly impact
the assessed system reliability in an adverse manner since failure of the electronic signals is not a
quantitatively important contributor. In addition, the doubling time input is taken as a surrogate
for all trip signals for all reactivity insertion transients. That is to say, for all specific reactivity
transients, only a single trip input is assumed to be available, and this input is assumed to have
the same reliability as the doubling time trip. This latter assumption is justified since there is not
a significant difference in the reliability of the different individual trip input signals. For specific
transients, multiple though different trip signals may be available. Conservatively, no credit is
taken for those additional signals.
As described above, there is a difference in the success criteria for the coarse control arms,
represented by the fourth top event, CCA. For the initiator involving the failure of a CCA
connecting rod, Top Event CCA is successful if four of the remaining five CCAs insert into the
core. For all other reactivity insertion events, success of Top Event CCA occurs if four of the six
CCAs insert.
Once the status of reactivity control has been determined, the remainder of the general transient
top events remain as described above in Section 5.1.2.
5.3.1 References
5.3-1. ANSTO, "Operational Limits and Conditions," HIFAR Manual, Volume 5.3, 30 June
1994.
5.3-2. ANSTO, "HIFAR Safety Document," Sections 7.1 and 7.2, NTP/TN-193, draft,
20 December 1995.
5.3-3. Personal Communication, "Success Criteria for RPS for Transients," G. S. Robinson,
ANSTO, and D. H. Johnson, PLG, 23 October 1996.
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5.4 Quantification of Scenarios Involving the Reactor
This section describes the accident sequence quantification for the plant response models that
represent the plant response for POS-1 through POS-5. These plant operating states cover the
fuel while it is in the RAT, during both shutdown and operating conditions. The event sequence
models are described earlier in Sections 5.1 through 5.3. This section describes the assembly of
these models and some results of the accident sequence model quantification.
5.4.1 Model Assembly
5.4.1.1 Initiating Events
The internal initiating events quantified using the POS-1 through POS-5 accident sequence
models are presented in Table 5.4-1 along with their mean frequencies of occurrence. The
initiators were first identified in Section 4.5. The frequency quantification of the event sequence
models for external event initiators is described in Section 6.
5.4.1.2 Event Tree Linking
The event trees used for accident sequence quantification are presented the earlier subsections.
The event trees used to represent the internal initiating event accident sequence models for
POS-1 through POS-5 are listed in Table 5.4-2. Each complete accident sequence requires that
five event trees be linked together. Each partial sequence fragment from the upstream tree then
transfers to all branches of the next downstream tree.
The CONFIG event tree identifies the different operating states of the reactor and determines the
conditional frequency of being in each state conditional on the particular initiating event being
quantified. For calculational convenience, the program type (i.e., normal, one which involves
pond cleaning during the scheduled shutdown, and major shutdowns) is determined first and then
the chance of being in each of the first five POSs is specified.
The same CONFIG tree is used for all internal initiating events. For most of the initiators, the
branch point probabilities are determined simply by the fractions of time spent in each program
type and in each POS; e.g., for the support system fault, loss of offsite power, and for all heavy
water leaks. However, some initiators only apply to a particular POS; e.g., TCCA3 is only used
for the low power condition represented by POS-3. For these, the initiator occurrence frequency
already includes the fraction of time spent in the single POS. Therefore, the fraction of time
spent in each POS is assigned a value of 1.0, and all other POSs are assigned a split fraction of
0.0. For two initiators, (i.e., THSB, light water system breaks; and TFLB, flow blockage events)
the occurrence frequencies were computed for one calendar year but the rate only applies for two
of the plant operating states. For these two initiators, the branch probabilities for the other POSs
are set to 0.0, and the branch probabilities for the two applicable POSs are set to the fractions of
time applicable for each state.
Maintenance effects on the availability of different plant systems is accounted for in the
computation of maintenance unavailability data, the system unavailability models, and in the
assignment of branch probabilities or split fractions during sequence quantification. Section 8
discusses the analysis of HIFAR-specific maintenance data and discusses the plant operating
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states in which maintenance is permitted on key HIFAR components. For the most part, the
maintenance events modeled are assumed to impact plant systems uniformly throughout all plant
operating states. Two exceptions were identified, however, and treated separately in the system
unavailability models. The exceptions involved the heavy water shutdown pumps and the
scavenge pumps. These components are assumed to only be in maintenance during POS-2,
POS-3, and POS-4 when access to the heavy water plant room is permitted. To track this plant
operating state dependence of maintenance during sequence quantification, different split
fractions were computed for the top events that represent the availability of the heavy water
shutdown pumps and the scavenge pumps. Then, the assignment logic for the split fractions
involving this equipment is made a function of the plant operating state of the sequence; i.e., one
set of split fractions in which there is no maintenance term for POS-1 and POS-5, and a second
set of split fractions applicable only for POS-2, POS-3, and POS-4.
The second tree for each internal initiator is the SUPPORT tree. This event tracks the
availability of each of the support systems. Initiator-specific impacts are accounted for in the
assignment of branch probabilities for each system.
The third event tree for each internal initiator represents the early response of frontline systems.
The states of the top events in the early frontline trees determines whether fuel damage occurs or
significant tritium is released from the heavy water circuit. For all transients and support system
fault initiators, the GENTRANS tree is used. For heavy water leak initiators, the LEAKS early
frontline event tree is used instead. A separate event tree was used for heavy water leaks in order
to represent the additional systems needed to mitigate the loss of heavy water inventory; e.g.,
scavenge pumps, leak isolation, and Wolter's cooling.
The fourth event tree for each internal initiator represents the response of the RCB systems after
fuel damage or tritium release. The same LATE event tree is used for all internal initiators. This
event tree tracks the status of containment isolation systems, RCB ventilation, space conditioner
cooling, and, if necessary, SAVS ventilation.
The fifth event tree in the string of linked events for internal initiators is used to track
sequence-specific recovery actions, and to assign the plant damage states to each sequence. End
state assignment logic, or binning rules, are not used for any of the earlier trees in the linking.
Three separate recovery event trees are used for the internal initiators. The number of possible
end states assigned to accident sequences (see Section 4.4) exceeded the software capability for a
single event tree. However, only one initiator (i.e., TFLB, flow blockage) leads to sequences in
which partial fuel damage occurs. Therefore, this initiator is assigned a separate recovery tree
(i.e., TFLBRECOVERY), and this tree is the only tree that uses the logic rules for plant damage
states that involve partial fuel damage within the RAT. The number of entire core fuel damage
sequences that result from this low frequency initiator was very small so that the number to be
tracked could then be greatly reduced. Plant damage states involving partial fuel damage in the
RAT are not tracked in the GTRECOVERY or LKRECOVERY event trees.
Separate recovery trees for leaks and other initiators are used for a different reason. The logic for
assigning different plant damage states is determined by the states of top events earlier in the
sequence of linked event trees. Since heavy water leaks and other internal initiators use different
early frontline event trees, different logic was required to assign plant damage states to initiators
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that use these different trees. The initiator-specific logic to account for the impacts of each
initiator is also included in these two recovery event trees.
5.4.2 Assignment Logic
The split fraction and plant damage state assignment rules used in each of the event trees are
presented in Appendix G in the form of reports printed by the RISKMAN software.
The split fraction assignment logic accounts for the functional dependencies between HIFAR
plant systems as described in the intersystem dependency tables presented in Section 7. In
addition, initiator-specific dependencies are imposed on the basic event tree models. A summary
of the initiator-specific impacts on the base event tree models is provided in Tables 5.4-3
and 5.4-4 for transients and support system faults, respectively. Table 5.4-5 summarizes the
different initiator impacts for heavy water leaks.
The assignment logic for plant damage states consists of several MACROS, the use of which is a
unique feature of the RISKMAN software. The use of MACROS are explained in Section 3.
Briefly, MACROS are defined as Boolean logic strings, in terms of top event states and other
MACROS. MACROS are generally defined to represent specific physical conditions that can
then be combined to develop complex logic expressions for split fraction assignment to each
event tree branch point and for plant damage state assignment to each accident sequence.
The MACROS used in the recovery trees to track the parameters of the plant damage state table
for fuel while it is in the RAT are presented in Table 5.4-6. These MACROS are then logically
"AND" together to give the overall logic expression for plant damage state assignment. A
separate logic expression is developed for each plant damage state in Figure 4.4-1 of Section 4.4.
5.4.3 Results for Internal Initiating Events
The sequence frequency results for internal initiating events are discussed in this section.
Table 5.4-7 presents the summation of all internal initiating event sequences by safety objective
category and compares the contribution from such initiators with the total criterion for each
safety objective. It is seen from the table that sequences resulting from internal events alone do
not come close to exceeding the safety criteria for safety objectives 1 through 6. Safety
objective 7 is exceeded by sequences resulting from heavy water leak initiating events alone.
The end state frequencies summed over all internal events for two sequence groups are presented
in the next two tables. Table 5.4-8 shows the highest frequency end states that involve fuel
overheating, with or without RCB systems degraded. The highest frequency end state is
RCYDYB. From Figure 4.4-1, this plant damage state involves:
•
•
•
•
•

Damage to the entire core.
Secondary cooling available.
Release to the heavy water plant room.
Compressed air isolated to the RCB and electric loads to the RCB shed.
The containment fully isolated.
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•
•

Space conditioners available.
Because it is not required to limit pressure within the RCB, the SAVS system is not
activated.

Table 5.4-9 shows the highest frequency end states that include a significant release of tritium
without any fuel damage, with or without RCB systems degraded. The highest frequency end
state is RTNDNI. From Figure 4.4-1, this plant damage state involves:
•
•
•
•
•
•

Tritium release only.
Release to the heavy water plant room.
Compressed air not isolated to the RCB and electric loads to the RCB not shed.
The containment not isolated.
Space conditioners available.
Because it is not required to limit pressure within the RCB, the SAVS system is not
activated.

Tables 5.4-10 and 5.4-11 present the internal initiating event contributions to the same fuel
damage and tritium release end states. Medium size leaks to the heavy water plant room (i.e.,
LDPR2, 0.28 -12 liters per second) contribute the most to fuel damage, and smaller leaks to the
heavy water plant room (i.e., LDPR1, < 0.28 liters per second) contribute the most to the tritium
release category.
The 10 internal event initiated sequences with the highest frequency to fuel damage are presented
in Table 5.4-12. The sequence failures are divided into two parts in this table. The initiator and
probabilistic failures (i.e., with those events with probabilities of failure less than 1.0) are listed
down the left-hand column of the table. Guaranteed failures (i.e., those with probabilities of
failure equal to 1.0 along the sequence) are listed down the second column. The highest
frequency sequence involves a medium size leak to the heavy water plant room during normal
startup or full-power operation. The scavenge pumps operate successfully but due to the ECCS
discharge over the weir line, they transfer heavy water to the 1V3 tank. The operators fail to
isolate the leak or the weir line, and also fail to initiate RAT flooding so fuel damage occurs.
The 10 internal event initiated sequences with the highest frequency to tritium release are
presented in Table 5.4-13. The sequence failures are again divided into two parts, as in
Table 5.4-12. The highest frequency sequence involves a smaller size leak to the heavy water
plant room during normal startup or full-power operation. The scavenge pumps operate
successfully but due to the ECCS discharge into the RAT being located over the weir line, they
again initially transfer heavy water to the 1V3 tank. The operators fail to isolate the leak, which
therefore continues, but either successfully isolate the weir line or initiate RAT flooding so that
fuel cooling is maintained. The entire tritium contents of the heavy water circuit are circulated
through the heavy water plant room via the break.
The event sequence results for internal initiating events may be presented in several ways. Some
interesting sequence groups totals are as follows:
1. Fuel damage sequences caused by the coarse control arms failing to insert when required
(i.e., ATWS sequences) total 3.8x10-05 per year.
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2. Station blackout is the name given to events in which offsite and both onsite emergency
electric power sources are failed. Station blackout sequences in which power is not
recovered before temperatures become excessive in the heavy water plant room total a
frequency of 5.5x10-04 per year. However, unrecovered station blackout sequences
leading to fuel damage only total 3.4x10-06 per year. The difference is largely attributed
to the availability of RAT flooding, which does not require electric power for operation.
3. The mean frequency of accident sequences in which RAT flooding is required for fuel
cooling is 1.9x10-03 per year.
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Table 5.4-1. Initiators for POS-1 through POS-5
Category
Heavy Water Leaks

Transients

Support System Faults
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Initiator
LDL2
LDPR1
LDPR2
LDPR3D
LDPR3U
LDPRM
LHX
LOI
LST1
LST23
LWEIR
TCCA3
TCCA5
TD1PT5
TD2PT5
TDHPT5
TDSPT1
TDSPT2
TDSPT4
TFLB
TH1PT1
TH1PT5
TH2PT1
TH2PT5
THSB
TIRT3
TIRT5
TMRI3
TMRI5
TMSB
TRTSC1
SEIA
SEIB
SLOSP
SMAIN
SPNLN
SSSA
SSSB

Frequency
1.0000E-06
1.1900E-02
3.2800E-04
1.7800E-05
2.5400E-06
2.8700E-05
6.1200E-04
5.1800E-04
6.4600E-06
6.7500E-05
3.6900E-06
2.7400E-07
2.6700E-05
1.2100E-01
4.3500E+00
1.8900E+00
5.5700E-03
1.1300E-02
2.0000E-03
2.6700E-06
1.4600E-02
3.5000E-01
6.4300E-02
1.5400E+00
1.4900E-05
2.1200E+00
1.6900E+01
3.5600E-01
7.3800E-01
2.5200E-06
3.3900E-01
1.3400E-02
1.3400E-02
2.8300E-01
2.0700E-04
4.7390E-02
1.7700E-02
1.7700E-02

5.4-6

Description
Drain Line Leak to DPR, .28 -61/sec
Leak to DPR, < .281/sec; All POS
Leak to DPR .28-12 1/sec, All POS
Leak to DPR, Downstream of NRV, > 12 1/sec
Leak to DPR Upstream of NRV, > 121/sec
Leak to DPR due to Maintenance, > 121/sec
Leaks to Secondary via Heat Exchanger
Leak Outside the DPR, < .28 1/sec
LeaktoRST, <.28 1/sec
Leaks to RST, > .28 1/sec
Weir Leak Inside RAT, < 6 1/sec
CCA Connecting Rod Fails, POS-3
CCA Connecting Rod Fails, POS-5
One or More D2O Pump Fail, POS-5
Main D2O Pumps Trip, POS-5, Recoverable
All D2O and H2O Main Pumps Trip, POS-5
Both D2O Shutdown Pumps Fail, POS-1
Both D2O Shutdown Pumps Trip, POS-2
Both D2O Shutdown Pumps Fail, POS-4
Flow Blockage, POS-3 and POS-5
One or More H2O Pumps Fail, POS-1
One or More H2O Main Pumps Fail, POS-5
One or More Main H2O Pumps Trip, POS-1
AH H2O Main Pumps Trip, POS-5
H2O System Pipe Break, POS-1 and POS-5
Inadvertent Reactor Trip, POS-3
Inadvertent Reactor Trip, POS-5
Modest Reactivity Insertions, POS-3
Modest Reactivity Insertions
Mains Water Break Inside RCB, All POS
RT due to SCS OL&C Compliance, POS-5
Loss of ECCS Instrument A, All POS
Loss of ECCS Instrument B
Loss of Offsite Power
Loss of Mains Water
Loss of Panel N, > 30 minutes, All POS
Loss of Standby Board A, All POS
Loss of Standby Board B, All POS

Table 5.4-2. Accident Sequence Event Trees for POS-1 through POS-5
Event Tree
Plant Operating
State
Support System
Early Frontline
Systems Response
Late Frontline
Systems Response
Recovery and End
State Assignment

Event Tree Name
CONFIG

Tree Description
Program Types and Plant Operating States

SUPPORT
GENTRANS

Support Systems Event Tree
Early Response to Transients for POS-1
through POS-5
Early Frontline Tree for Leak Initiators
RCB System Responses following Fuel Damage
or Tritium Release
Recovery and End State Assignment for POS-1
through POS-5 for Transients and Support
System Faults
Recovery and End State Assignment for POS-1
through POS-5 for Flow Blockage Initiator
Recovery and End State Assignment for POS-1
through POS-5 for Heavy Water Leaks

LEAKS
LATE
GTRECOVERY

TFLBRECOVERY
LKRECOVERY
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Table 5.4-3. Impacts of Transient Initiating Events
Initiating Event Category
Inadvertent Reactor Trips
Manual Reactor Trip due to Insufficient SCS
Units
Modest Reactivity Insertions, including:
• Rig Withdrawals
• Excessive Heat Exchanger Cooling
• CCA Withdrawals
CCA Connecting Rod Fails

All Light Water Main Pumps Trip,
including:
• Momentary Losses of LSA, or Section 1
Substation No. 1
• Londex Relay Events
• False Low Pond Levels
Failure of Main Heavy Water Pumps to Run

Designator
Plant Response Impacts
SCRAMs
TIRT3/5
• Valid in POS-3 and POS-5 only.
• Successful reactor trip assumed.
TRSSC1
• Valid in POS-5 only.
• All SCS units assumed failed.
Reactivity Insertions
TMRI3/5
• Valid in POS-3 and POS-5 only.
• Failure of three CCAs to insert assumed to cause fuel
damage.
TCCA3/5

• Valid in POS-3 and POS-5 only.
• Failure of two of five CCAs assumed to cause fuel
damage.
Degradations in Heat Removal
TH2PT1/5
• Valid in POS-1 and POS-5 only.
• Failure of four CCAs assumed to cause fuel damage in
POS-5.
• Light water main pumps assumed recoverable.

TD1PT5

•
•
•
•
•
•
•
•
•

All Main Heavy Water Pumps Trip,
including Momentary Losses of LSB

TD2PT

All Heavy Water and Secondary Water Main
Pumps Trip; i.e., Momentary Losses of LSA
and LSB

TDHPT5

Both Heavy Water Shutdown Pumps Fail to
Run
Partial Flow Blockage

TDSPT1/2/4

Mains Water Pipe Break

TMSB

One Light Water Main Pump Fails to Run

TH1PT1/5

TFLB

•
•
•
•
•
•
•
•
•
•

Light Water System Pipe Break
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Valid in POS-5 only.
Failure of four CCAs assumed to cause fuel damage.
Main D2O pumps failed and not recoverable.
Valid in POS-5 only.
Failure of four CCAs assumed to cause fuel damage.
Main D2O pumps assumed recoverable.
Valid in POS-5 only.
Failure of four CCAs assumed to cause fuel damage.
All Main D2O and light water pumps assumed
recoverable.
Valid in POS-1, POS-2, and POS-4.
Both D2O shutdown pumps failed and not recoverable.
Valid for POS-3 and POS-5 only.
Guarantees at least partial fuel damage.
Failure of three CCAs to insert assumed to cause fuel
damage.
Valid in all POS-1 through POS-5.
Prevents mains water cooling of heat exchangers.
Valid in POS-1 and POS-5.
Failure of four CCAs assumed to cause fuel damage for
POS-5.
All light water main pumps assumed failed and not
recoverable.
Valid in all POS-1 through POS-5.
Failure of four CCAs assumed to cause fuel damage.
Flow from light water main and shutdown pumps failed
and not recoverable.

Table 5.4-4. Impacts of Support System Faults for Reactor States
Initiating Event Category
Loss of Offsite Power

Designator
SLOSP

Loss of Standby Supply A

SSSA

Loss of Standby Supply B

SSSB

Loss of ECCS Instrument Power A

SEIA

Loss of ECCS Instrument Power B

SEIB

Loss of Panel N

SPNLN

Loss of Mains Water

SMAIN
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•
•
»
»
•
•
>
•
>
»
»
•
•
•
»
•

Plant Response Impacts
Valid in all POS-1 through POS-5.
Offsite power is lost initially but is recoverable.
Valid in all POS-1 through POS-5.
Fails standby supply board A.
Valid in all POS-1 through POS-5.
Fails standby supply board B.
Valid in all POS-1 through POS-5.
Fails train A D2O shutdown pump.
Fails all main D2O pumps on < L2.
Valid in all POS-1 through POS-5.
Fails train B D2O shutdown pump.
Fails all main D2O pump on < L2.
Valid in all POS-1 through POS-5.
Fails panel N for greater than 30 minutes.
Valid in all POS-1 through POS-5.
Fails mains water supply to HIFAR.

Table 5.4-5 (Page 1 of 2). Impacts of Heavy Water Leaks from Reactor Aluminium Tank
Initiating Event Category

Designator |
Plant Response Impacts
Leaks to Heavy Water Plant Room
LDPR1
• Valid in all POS-1 through POS-5.
< 0.28 1/sec
• Credit given for operator action to isolate leak or weir
line if scavenge pump A transfers heavy water to 1V3
tank.
• Event specific actions to initiate RAT flooding and
isolate the leak.
LDPR2
• Valid in all POS-1 through POS-5.
0.28 -12.0 1/sec
• Credit given for isolating weir line if scavenge pump A
transfers heavy water to 1V3 tank.
• Event specific action to initiate RAT flooding.
• No credit for leak or weir line isolation.
• Valid in all POS-1 through POS-5.
> 12.01/sec, Upstream of Nonreturn Valves
LDPR3U
• Requires fuel be fully seated in nozzles to avoid fuel
damage if nonreturn valve fails to reseat; two scavenge
pumps required for Wolter's cooling, level < L2.
• Heat exchanger bypass flow required for successful
heavy water cooling unless nonreturn valve fails to
reseat.
• No credit for leak or weir line isolation or recovery of
heat exchanger if initially failed.
• Additional vent path not required for RAT flooding.
LDPR3D
> 12.0 1/sec, Downstream of Nonreturn
• Valid in all POS-1 to POS-5.
• Requires fuel be fully seated in nozzles to avoid fuel
Valves
damage two scavenge pumps required for Wolter's
cooling, level < L2.
• Heat exchanger bypass flow required for successful
heavy water cooling.
• No credit for leak or weir line isolation or recovery of
heat exchanger if initially failed.
• Additional vent path not required for RAT flooding.
LDPRM
• Valid in POS-2 only.
>12.01/sec, DPR Leak Caused by
• Requires fuel be fully seated in nozzles to avoid fuel
Maintenance
damage; two scavenge pumps required for Wolter's
cooling, level < L2.
• Heat exchanger bypass flow required for successful
heavy water cooling.
• No credit for leak or weir line isolation or recovery of
heat exchanger if initially failed.
• Additional vent path not required for RAT flooding.
LDL2
• Valid in all POS-1 to POS-5.
Drain Line, 0.28 - 6.0 1/sec
• RAT level indicates below L2 causing heavy water
shutdown pumps to trip.
• Specific action used for restart of D2O shutdown pumps
when low level recognized as false.
• No credit for leak isolation.
Other Leak Locations
Leaks Outside Heavy Water Plant Room,
L01
• Valid in all POS-1 to POS-5.
< 0.28 1/sec
• Requires isolation or RAT flooding to prevent fuel
damage.
• Event specific actions to initiate RAT flooding and
isolate the leak.
• Weir line isolation not required.
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Table 5.4-5 (Page 2 of 2). Impacts of Heavy Water Leaks from Reactor Aluminium Tank
Initiating Event Category
Leaks to Secondary via Heat Exchanger,
< 0.7 L/sec

Designator
LHX

Weir Line Leak inside RAT, < 6.0 l/sec

LWEIR

Leaks to Reactor Steel Tank, < 0.28 l/sec

LST1

Leaks to Reactor Steel Tank, > 0.28 l/sec

LST23
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Plant Response Impacts
• Valid in all POS-1 to POS-5.
• Requires isolation or RAT flooding to prevent fuel
damage.
• Event specific actions to initiate RAT flooding and
isolate the leak.
• Weir line isolation not required.
• RCB bypassed if leak isolation fails.
• Valid in POS-2 and POS-5 only.
• Requires isolation or RAT flooding to prevent fuel
damage.
• Event specific actions to initiate RAT flooding and
isolate the leak.
• No credit for weir line isolation given failure to isolate
the leak.
• Valid in all POS-1 to POS-5.
• RAT level indicates below L2 causing heavy water
shutdown pumps to trip, level restored above L2 if LLS
pump operates.
• Event specific action to initiate RAT flooding.
• Weir line isolation not required.
• Event specific action to restart D2O shutdown pumps
after LLS pump provides makeup.
• Valid in all POS-1 to POS-5.
• RAT level indicates below L2 causing heavy water
shutdown pumps to trip; level restored above L2 if LLS
pump operates.
• Weir line isolation not required.
• Event specific action to initiate RAT flooding.
• Event specific action to restart D2O shutdown pumps
after LLS pump provides makeup.
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Table 5.4-6. MACROS Used in Logical Expressions for Plant Damage
State Assignment for Fuel while it is in the RAT
R:= sequences in which the fuel that is affected is in the RAT.
ECORE:= sequences in which the entire core of fuel in the RAT is damaged.
PCORE:= sequences in which only part of the core fuel in the RAT is damaged.
TRIH:= sequences in which no fuel is damaged in the RAT, but more than 2,000 liters of
heavy water is released outside the heavy water circuit.
H2OF:= sequences in which secondary cooling to the heat exchangers is not available from
either the light water cooling system or mains water.
INRST:= sequences in which there is a leak of heavy water to the RST where it is contained.
INDPR:= sequences in which the leak of heavy water is directed into the heavy water plant
room.
OUTDPR:= sequences in which the release path from the heavy water circuit is directed
outside the RST and heavy water plant room but still into the RCB.
OUTRCB:= sequences in which the release path from the heavy water circuit is directed
outside the RCB; i.e., via a leak in an heat exchanger.
SHED:= sequences in which the operators successfully isolate compressed air to the RCB, and
shed electrical loads within the RCB.
CIV:= sequences involving successful isolation of the RCB in which all ball valves close, so
that there is at least one isolated valve on every penetration utilizing a water seal.
CIWS:= sequences involving successful isolation of the RCB but at least one ball valve failed
to close so that isolation relies on at least water seal.
CIF:= sequences in which RCB isolation fails but is not bypassed.
CIBY:= sequences in which the RCB is bypassed, meaning that there is a direct release path
between the RAT and the environment that does not permit holdup within the RCB.
SCSS:= sequences in which at least one space conditioner system unit is operating.
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Table 5.4-7. Reactor Internal Event Frequency Results Compared to Safety Objectives
8
00

OJ

Safety Objective Category

Relevant
POSs

Safety
Criterion*
5E-04

1. Irradiated Fuel Elements in Core or in the
1-5,7
No. 1 Storage Block overheating
2. Fuel Overheating with Degraded or
5E-05
1-5,7
Ineffective Containment
5E-03
3. Fuel Element Mechanical Damage/Flask
4,6,8-13
Drop
5E-04
4. Fuel Element Mechanical Damage/ Flask
4,6,8-13
Drop Outside the RCB or with Degraded
or Ineffective Containment
5. Fuel Element Mechanical Damage/
5E-05
1-13
Heavy Object Drop Resulting in Fuel
Overheating or a Critical Configuration
6. Tritium Release
1-5
io- 2
7. Tritium Release with Degraded or
1-5
io- 3
Ineffective Containment
Total mean frequency per year of all scenarios for all relevant POSs.

4.50E-05

Support
Faults
7.83E-06

1.08E-04

7.95E-06

4.08E-07

6.59E-06

9.48E-07

0

0

0

0

0

0

0

0

0

0

0

0

2.16E-03
1.81E-03

2.27E-04
5.65E-05

6.73E-04
4.98E-04

1.26E-03
1.26E-03

Total for
Internals
1.61E-04

Transients

Leaks

Table 5.4-8. End State Totals for Sequences involving Fuel Overheating (for Comparison
to Primary Safety Objective 1) and Initiated by Reactor Internal Events Only
(End States Greater Than IE-09 per Year)

Frequency

End State
RCYDYB
RCNDYD
RCNDYC
RCYDNA
RPYRYB
RCYDYF
RCYOYK
RCYDYI
RCNDND
RCNDNC
RCYDNB
RPYRNA
RCYDYD
RCYDYC
RCNDYH
RCNDYG
RCYDNE
RPYRYF
RCNDYB
RCYEYB
RCYDNI
RPYRYI
RCYONK
RPYRNB
RCYDND
RCNDYJ
Total Frequency =1.61E-04
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1.5E-04
3.4E-06
3.2E-06
3.2E-06
2.2E-06
1.0E-06
7.6E-07
2.3E-07
1.1E-07
1.0E-07
9.0E-08
7.0E-08
4.9E-08
3.0E-08
2.4E-08
2.2E-08
2.2E-08
1.6E-08
1.6E-08
1.2E-08
4.8E-09
3.5E-09
2.4E-09
1.9E-09
1.5E-09
1.0E-09

Table 5.4-9. End State Totals for Sequences Resulting in Significant Tritium Release
(for Comparison with Safety Objective 6), from Internal Initiators Only
(End States Greater Than 1E-07 per Year)
End State
Frequency
RTNDNI
1.25E-03
RTNDYD
5.9E-04
RTNDYB
4.6E-04
RTNONK
2.2E-05
RTNDND
1.9E-05
RTNDNB
1.5E-05
RTNDNJ
1.3E-05
RTNDYH
4.2E-06
RTNDYF
3.2E-06
RTNDYJ
6.7E-07
RTNDYI
5.1E-07
RTNDNH
1.3E-07
RTNENI
L4E-07
RTNDNF
1.0E-07
Total Frequency without Success = 2.4E-03
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Table 5.4-10. Internal Initiator Contributions to End States involving Fuel Overheating
(for Comparison with Primary Safety Objective 1)
Initiator
LDPR2
LDPRM
TD2PT5
LDPR3D
LDPR1
TDHPT5
TH2PT5
SLOSP
SMAIN
TMRI5
LDPR3U
TFLB
TMRI3
TH1PT5

Frequency
4.7588E-05
2.8700E-05
1.9151E-05
1.6838E-O5
9.4691E-06
8.3206E-06
6.7797E-06
3.8016E-06
3.3626E-06
3.2721E-06
2.4163E-06
2.3408E-06
1.5773E-06
1.5414E-06
LOI
1.2779E-06
LDL2
9.9969E-07
LHX
7.7912E-07
6.4977E-07
TD1PT5
3.7625E-07
TDSPT2
3.1411E-07
TIRT5
SEIB
2.9178E-07
TDSPT1
2.8920E-07
SEIA
2.8852E-07
2.5641 E-07
TH2PT1
1.0101E-07
TDSPT4
LST23
9.7603E-08
SPNLN
6.4445E-08
TIRT3
3.3237E-08
SSSA
1.3530E-08
LST1
9.2838E-09
LWEIR
7.6494E-09
6.3709E-09
TRTSC1
SSSB
4.9349E-09
TH1PT1
3.2284E-10
TMSB
2.4674E-10
THSB
1.5456E-10
TCCA5
1.1264E-10
TCCA3
O.OOOOE+00
Total Frequency of End States = 1.61E-04

\DIST\N0028c.DOC.01/14/98

5.4-16

Unaccounted
1.5989E-09
3.7835E-10
2.5397E-09
7.6621E-10
3.6572E-09
2.0266E-09
1.9121E-09
5.4085E-09
5.8110E-10
1.6346E-09
3.7499E-10
1.6221E-10
1.3483E-09
1.3934E-09
1.1779E-09
2.8658E-10
1.1821E-09
1.1287E-09
1.1231E-09
3.0498E-09
1.9517E-09
1.1569E-09
1.6389E-09
7.7223E-10
8.0572E-10
6.8658E-10
1.6318E-09
1.8804E-09
1.8683E-09
3.2002E-10
1.3313E-10
1.1570E-09
1.2097E-09
5.1288E-10
1.3878E-10
1.4984E-10
9.3884E-11
2.2940E-11

Table 5.4-11. Internal Initiator Contributions to Frequency of Significant Tritium Release
(for Comparison to Safety Objective 6)
Initiator
LDPR1
SLOSP
LDPR2
TDSPT2
TIRT5
LOI
TDSPT1
SEIB
SEIA
LHX
TD1PT5
TDSPT4
TD2PT5
SPNLN
TDHPT5
TIRT3
TH2PT5
TMRI5
LST23
SSSA
TH1PT5
TRTSC1
LDPR3D
TMRI3
SSSB
TH2PT1
LST1
LWEIR
LDPR3U
TH1PT1
TMSB
THSB
TCCA5
LDL2
SMAIN
LDPRM
TCCA3
TFLB
Total Frequency for the End
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Frequency
9.0562E-04
5.7153E-04
2.8040E-04
6.0526E-05
5.0534E-05
5.0449E-05
4.6667E-05
4.6353E-05
4.5822E-05
2.1677E-05
1.9277E-05
1.6308E-05
1.3007E-05
7.7362E-06
5.6508E-06
4.7418E-06
4.6043E-06
2.2062E-06
2.0808E-06
1.1962E-06
1.1575E-06
1.0133E-06
9.6099E-07
7.9593E-07
7.8513E-07
2.3074E-07
1.9902E-07
1.6349E-07
1.2325E-07
5.6219E-08
4.0651E-08
1.6252E-08
6.7596E-11
0.0000E+00
O.0000E+O0
0.0000E+00
0.0000E+00
State Group = 2.16E-03

5.4-17

Unaccounted
3.6572E-09
5.4085E-09
1.5989E-09
1.1231E-09
3.0498E-09
1.1779E-09
1.1569E-09
1.9517E-09
1.6389E-09
1.1821E-09
1.1287E-09
8.0572E-10
2.5397E-09
1.6318E-09
2.0266E-09
1.8804E-09
1.9121E-09
1.6346E-09
6.8658E-10
1.8683E-09
1.3934E-09
1.1570E-09
7.6621E-10
1.3483E-09
1.2097E-09
7.7223E-10
3.2002E-10
1.3313E-10
3.7499E-10
5.1288E-10
1.3878E-10
1.4984E-10
9.3884E-11
2.8658E-10
5.8110E-10
3.7835E-10
2.2940E-11
1.6221E-10

Table 5.4-12 (Page 1 of 2). Top 10 Internal Event Initiated Sequences with the Highest Frequency to Fuel Overheating
Top-Ranking Sequences Contributing to Group : OBJEC1 Frequency
OBJEC1 = CORE OR STORAGE BLOCK OVERHEATING

MODEL Name: HIFAR5A
o

8
oo

t—t

Rank
No.

14:49:26

End

Events
Sequence Description

Guaranteed Events/Comments
MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
OPERATORS ISOLATE LEAK BEFORE L2
GRAVITY DRIVEN FLOW OF D2O THROUGH HX
RECOVERY, NO DAMAGE STATE OCCURS

12 DEC 1997

Frequency
(per year)

Percent

State
RCYDYB

3.35E-05

20.89

1

LEAK TO DPR .28-12L/SEC,ALL POS
- PROGRAM TYPE-NORMAL, CLEANING, MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- WEIR LINE ISOLATION/ NO TRANSFER TO 1V3
- OPERATORS INITIATE RAT FLOODING

-

2

LEAK TO DPR DUE TO MAINTENANCE,>12L/SEC
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS

- PLANT OPERATING STATES
STATE - MAINTENANCE PERIOD
- MANUAL ACTUATION OF ECCS
- LIQUID LEVEL PUMP PROVIDES MAKEUP
- 1/2 HEAVY WATER SD PUMPS START AND OPERATE
- RECOVERY OF D2O FORCED FLOW
- OPERATORS ISOLATE LEAK BEFORE L2
- WEIR LINE ISOLATION/ NO TRANSFER TO 1V3
- OPERATORS INITIATE RAT FLOODING
- OPERATORS INITIATE FLOODING OF DPR
- RECOVERY, NO DAMAGE STATE OCCURS

RCYDYB

2.21E-0S

13.79

3

MAIN D2O PUMPS TRIP, POS5,RCOVERABLE
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- COARSE CONTROL ARMS INSERT

- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- MANUAL ACTUATION OF ECCS
- MANUAL REACTOR TRIP SIGNAL
- SAFETY RODS DROP
- RECOVERY, NO DAMAGE STATE OCCURS

RCYDYB

1.36E-05

8.48

4

LEAK TO DPR,DOWNSTREAM OF NRV,>12L/SEC
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION

-

MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
1/2 HEAVY WATER SD PUMPS START AND OPERATE
RECOVERY OF D2O FORCED FLOW
OPERATORS ISOLATE LEAK BEFORE L2
WEIR LINE ISOLATION/ NO TRANSFER TO 1V3
OPERATORS INITIATE RAT FLOODING
OPERATORS INITIATE FLOODING OF DPR
RECOVERY, NO DAMAGE STATE OCCURS

RCYDYB

1.21E-05

7.55

5

LEAK TO DPR .2B-12L/SEC,ALL POS
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- WEIR LINE ISOLATION/ NO TRANSFER TO 1V3
- OPERATORS INITIATE RAT FLOODING

-

MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
OPERATORS ISOLATE LEAK BEFORE L2
GRAVITY DRIVEN FLOW OF D2O THROUGH HX
RECOVERY, NO DAMAGE STATE OCCURS

RCYDYB

6.08E-06

3.79

c
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MODEL Name: HIFAR5A

Rank
No.

Top-Ranking Sequences Contributing to Group : OBJEC1 Frequency
OBJEC1 = CORE OR STORAGE BLOCK OVERHEATING
Events

14:49:26

End

Sequence Description

Guaranteed Events/Comments

State

12 DEC 1997

Frequency
(per year)

Percent

6

ALLD2O&H20 MAIN PUMPS TRIP,POS5
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- COARSE CONTROL ARMS INSERT

- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- MANUAL ACTUATION OF ECCS
- MANUAL REACTOR TRIP SIGNAL
- SAFETY RODS DROP
- RECOVERY, NO DAMAGE STATE OCCURS

RCYDYB

5.90E-06

3.68

7

LEAK TO DPR,<.28L/SEC; ALL POS
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- OPERATORS ISOLATE LEAK BEFORE L2
- WEIR LINE ISOLATION/ NO TRANSFER TO 1V3
- OPERATORS INITIATE RAT FLOODING

-

RCYDYB

4.90E-06

3.06

8

ALL H2O MAIN PUMPS TRIP,POS5
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- COARSE CONTROL ARMS INSERT

- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- MANUAL ACTUATION OF ECCS
- MANUAL REACTOR TRIP SIGNAL
- SAFETY RODS DROP
- RECOVERY, NO DAMAGE STATE OCCURS

RCYDYB

4.81E-06

3.00

9

LEAK TO DPR DUE TO MAINTENANCE,>12L/SEC
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS

- PLANT OPERATING STATES
STATE - MAINTENANCE PERIOD
- MANUAL ACTUATION OF ECCS
- LIQUID LEVEL PUMP PROVIDES MAKEUP
- 1/2 HEAVY WATER SD PUMPS START AND OPERATE
- RECOVERY OF D20 FORCED FLOW
- OPERATORS ISOLATE LEAK BEFORE L2
- WEIR LINE ISOLATION/ NO TRANSFER TO 1V3
- OPERATORS INITIATE RAT FLOODING
- OPERATORS INITIATE FLOODING OF DPR
- RECOVERY, NO DAMAGE STATE OCCURS

RCYDYB

4.15E-06

2.59

10

LOSS OF MAINS WATER
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS
- PLANT OPERATING STATES
STATE - MAINTENANCE PERIOD

-

RCNDYC

2.97E-06

1.85

I

Ui

MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
GRAVITY DRIVEN FLOW OF D2O THROUGH HX
RECOVERY, NO DAMAGE STATE OCCURS

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HIFAR AREA
SAFETY RODS DROP
MAIN OR SD H2O OR MAINS WATER HX COOLING
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
1/3 SPACE CONDITIONERS (SCS)
OUTSIDE HEAT EXCHANGER COOLING AFTER FD
RECOVERY, NO DAMAGE STATE OCCURS
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Rank
No.

14:50:22

Top-Ranking Sequences Contributing to Group : OBJEC6 Frequency
OBJEC6 = TRITIUM RELEASE W/RCB OK

MODEL Name: HIFAR5A
o

Sequence Description

Events

— .

Guaranteed Events/Comments

12 DEC 1997

End
State

Frequency
(per year)

Percent

1

LOSS OF OFFSITE POWER
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- STANDBY SUPPLY A, 415V
- STANDBY SUPPLY B, 415V
- RECOVERY OF D2O FORCED FLOW

-

OFFSITE GRID
SECTION 1 OF SUBSTATION 1, 415V
SECTION 3 OF SUBSTATION 1, 415V
LINE SUPPLY A, 415V
LINE SUPPLY B, 415V
MANUAL ACTUATION OF ECCS
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H2O OR MAINS WATER HX COOLING
LIQUID LEVEL PUMP PROVIDES MAKBUP
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS ALIGN STANDBY VENTILATION TRAIN
NORMAL VENTILATION CONTINUES
ACTIVE EXTRACT VENTILATION CONTINUES
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RTNDYD

3.57E-04

16.77

2

LEAK TO DPR,<.28L/SEC; ALL POS
- PROGRAM TYPE-NORMAL, CLEANING, MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- OPERATORS ISOLATE LEAK BEFORE L2

-

MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
OPERATORS ISOLATE RCB
RECOVERY, NO DAMAGE STATE OCCURS

RTNDNI

3.47E-04

16.31

3

LEAK TO DPR,<.28L/SEC; ALL POS
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- OPERATORS ISOLATE LEAK BEFORE L2
- WEIR LINE ISOLATION/ NO TRANSFER TO 1V3

-

MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
OPERATORS ALIGN STANDBY VENTILATION TRAIN
OPERATORS ISOLATE RCB
RECOVERY, NO DAMAGE STATE OCCURS

RTNDNI

2.33E-04

10.96

4

LEAK TO DPR .28-12L/SEC,ALL POS
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- WEIR LINE ISOLATION/ NO TRANSFER TO 1V3

-

MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
OPERATORS ISOLATE LEAK BEFORE L2
OPERATORS ALIGN STANDBY VENTILATION TRAIN
OPERATORS ISOLATE RCB
RECOVERY, NO DAMAGE STATE OCCURS

RTNDNI

1.97E-04

9.27

O
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MODEL Name: HIFAR5A

Top-Ranking Sequences Contributing to Group : 0BJEC6 Frequency
OBJEC6 = TRITIUM RELEASE W/RCB OK

s

14:50:22

12 DEC 1997

00

p

b

Rank
No.

8

5

LOSS OF OFFSITE POWER
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- STANDBY SUPPLY A, 415V
- STANDBY SUPPLY B, 415V
- RECOVERY OF D2O FORCED FLOW

-

6

LEAK TO DPR,<.28L/SEC; ALL POS
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- OPERATORS ISOLATE LEAK BEFORE L2

7

t

End
State

Frequency
(per year)

OFFSITE GRID
SECTION 1 OF SUBSTATION 1, 41SV
SECTION 3 OF SUBSTATION 1, 415V
LINE SUPPLY A, 415V
LINE SUPPLY B, 415V
MANUAL ACTUATION OF ECCS
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H2O OR MAINS WATER HX COOLING
LIQUID LEVEL PUMP PROVIDES MAKEUP
BACKUP H20/MAINS WATER COOLING TO HX
OPERATORS ALIGN STANDBY VENTILATION TRAIN
NORMAL VENTILATION CONTINUES
ACTIVE EXTRACT VENTILATION CONTINUES
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RTNDYD

6.48E-05

3.05

-

MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
OPERATORS ISOLATE RCB
RECOVERY, NO DAMAGE STATE OCCURS

RTNDNI

6.30E-05

2.96

LEAK TO DPR,<.28L/SEC; ALL POS
- PROGRAM TYPE-NORMAL, CLEANING, MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- SCAVENGE PUMP A STARTS AND OPERATES

-

MANUAL ACTUATION OF ECCS
OPERATORS ISOLATE LEAK BEFORE L2
OPERATORS ISOLATE RCB
RECOVERY, NO DAMAGE STATE OCCURS

RTNDNI

5.20E-05

2.45

8

LEAK TO DPR,<.28L/SEC; ALL POS
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- OPERATORS ISOLATE LEAK BEFORE L2
- WEIR LINE ISOLATION/ NO TRANSFER TO 1V3

-

MANUAL ACTUATION OF ECCS
LIQUID LEVEL PUMP PROVIDES MAKEUP
OPERATORS ALIGN STANDBY VENTILATION TRAIN
OPERATORS ISOLATE RCB
RECOVERY, NO DAMAGE STATE OCCURS

RTNDNI

4.23E-05

1.99

9

LEAK OUTSIDE THE DPR,<.28L/SEC
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- OPERATORS ISOLATE LEAK BEFORE L2

-

MANUAL ACTUATION OF ECCS
LEAKAGE FLOW COLLECTS IN DPR SUMP
OPERATORS ALIGN STANDBY VENTILATION TRAIN
OPERATORS ISOLATE RCB
RECOVERY, NO DAMAGE STATE OCCURS

RTNDNI

3.64E-05

1.71

Sequence Description

Guaranteed Events/Comments

Percent

Table 5.4-13 (Page 3 of 3). Top 10 Internal Event Initiated Sequences with the Highest Frequency to Tritium Release
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s

Events

Rank
No.
10

Sequence Description

Guaranteed Events/Comments

BOTH D2O SHUTDOWN PUMPS TRIP,POS2
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- RECOVERY OF D2O FORCED FLOW

- PLANT OPERATING STATES
STATE - MAINTENANCE PERIOD
- MANUAL ACTUATION OF ECCS
- SAFETY RODS DROP
- HEAVY WATER SD PUMPS START AND OPERATE
- OPERATORS ALIGN STANDBY VENTILATION TRAIN
- RECOVERY, NO DAMAGE STATE OCCURS

=* = = = »

Ui

14:50:22

Top-Ranking Sequences Contributing to Group : OBJEC6 Frequency
OBJEC6 - TRITIUM RELEASE W/RCB OK

MODEL Name: HIFAR5A
o

End
State
RTNDYB

12 DEC 1997

Frequency
(per year)
3.63E-05

Percent

1.71

5.5 Fuel Handling, Transport, and Irradiated Fuel Storage Events
This section describes the event sequence models and computed results for fuel handling,
transport, and storage outside the reactor. These event sequence models cover plant operating
states not involving fuel while in the reactor. It considers the risks from POS-6 through POS-13.
It also considers the fuel handling and storage of fuel outside the reactor, which takes place
during POS-1 through POS-5. This section is divided into three parts: (1) events involving
mechanical drops of flasks and other heavy loads, (2) losses of cooling to irradiated fuel
elements within flasks, and (3) losses of cooling to the No. 1 Storage Block.
5.5.1 Mechanical Drops of Flasks and Other Heavy Objects
HIFAR operations require the movements of numerous heavy objects, both within and outside
the RCB. A good overview of these operations with emphasis on the activities during reactor
shutdowns is provided in Sections 4.2 and 4.3. Some of these movements involve the handling
and transport of irradiated fuel in shielded flasks, while others involve the lifting of other heavy
objects; e.g., top plate, shielded transfer pots. These heavy objects may be lifted above locations
where fuel is stored; e.g., No. 1 Storage Block, reactor top plate, Building 23 ponds.
The applicable procedures regarding these movements were studied. Following this, discussions
were held with an Active Handling Supervisor and representatives of waste management at
HIFAR to document the nature of these movements. The types of information collected included
the frequency of occurrence, transfer route, duration of lift, and timing relative to reactor
operating state, if relevant. Each of the standard movements at HIFAR were discussed. The
collected information was transferred to spreadsheets for evaluation. The spreadsheets are
presented as Tables 5.5-1 and 5.5-2 for movements inside and outside the RCB, respectively.
Each movement considered is assigned to a separate row in the spreadsheets. The starting point,
the object lifted, the duration over the starting point, the landing point, and the duration spent
over the landing point are all tabulated. The number of movements of each type are reported per
calendar year. The impacts of dropping the heavy object being moved while over the starting
point and the landing point are noted. This is accomplished by identifying the plant damage
states that would result for a drop at each location. Similarly, the movements accomplished by
motor vehicle are also documented in the spreadsheets, and the plant damage states that may
result from a transportation accident are noted. The plant damage state identifiers are taken from
Figures 4.4-3 and 4.4-4.
The following paragraphs indicate the types of movements considered in each POS. As a result
of discussions with the Active Handling Supervisor, some heavy object movements were
identified in addition to those discussed in Sections 4.2 and 4.3. All of the movements
considered in the evaluation appear in the spreadsheets. Any other movements, which could not
impact irradiated fuel either during movement or while in storage, are not considered.
•

POS-1 — Planned Reactor Shutdown Conditions. Many movements of heavy objects
occur in the first 24 hours following a planned reactor shutdown every month. These
movements are required for the servicing of hollow fuel elements (HFE) using the
vertical rig flask, the removal of a vertical rig (e.g., rig XI06) also using the vertical rig
flask, and the transport of the bottom load flasks to remove irradiated targets (i.e., cans)
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from the portable handling cell. The bottom load flasks are transported outside the RCB
via the VAL.
•

POS-2 — Planned Reactor Shutdown Maintenance Period. This POS covers the
second and third days of the normal program shutdowns, before and after fuel
replacement and low power testing. The vertical rig removed earlier is returned to the
reactor. If a coarse control arm is being replaced, it would be removed and replaced
during this time frame. However, the number of heavy object movements is markedly
reduced in this POS compared to POS-1.

•

POS-3 — Low Power Operation: Before and After Fuel Replacement. There are no
heavy object movements in the RCB during this POS. A vertical rig may be manually
raised for reactivity measurements but this does not involve lifting of the vertical rig flask
which is used to raise the rig.

•

POS-4 — Fuel Replacement. Fuel replacement is performed in the morning of the
fourth day of a normal program shutdown. The activity lasts only a few hours. The
reactor top plate is temporarily removed to prepare for replacement of the selected fuel
elements but then returned to position. Fuel replacement then involves the use of both
the vertical rig flask and the FE flask. The vertical rig flask is used to remove flux scan
assemblies (FS A) and HFEs and liners, which ever applies to the elements being
replaced. The fresh fuel and irradiated fuel elements are moved between the No. 1
Storage Block and the reactor using the FE flask. The same flasks are also used for fuel
offloading and loading for major shutdowns when the entire core is removed from the
RAT and stored in the No. 1 Storage Block.

•

POS-5 — Startup and Full-Power Operation. No heavy object movements are
performed in the RCB during reactor startup. However, during full-power operation,
numerous movements are performed. Power unloads of the HFEs from the RAT to the
portable handling cell are performed using the FE flask about once a day on average
during a normal program. The 3.5 ton silicon pot is also repositioned on the top plate
about once per day. The 6.5 ton and 2.7 ton bottom load flasks are also used to unload
the portable handling cell; about one round trip movement per day. The bottom load
flasks are transported outside the RCB via the VAL.

•

POS-6 — Fresh Fuel Handling and Storage. There are only minimal heavy object
movements during this POS. The fresh fuel elements are handled manually in
Building 17 and during assembly to the shield plug in the RCB. Once assembled, the
ragged end flask is used to transport the fresh fuel elements to the No. 1 Storage Block.

•

POS-7 — Irradiated Fuel Element Section of the No. 1 Storage Block. This POS
covers the storage of irradiated fuel elements in the No. 1 Storage Block. All movements
in and out of the storage block are covered by the other POSs. There are no heavy object
movements associated with this POS.

•

POS-8 — Shearing and Transport via FE Flask and ST Flask. This POS covers the
activities to remove the irradiated fuel elements from the No. 1 Storage Block, prepare
them for long-term storage by shearing off the shield plug, and transporting them outside
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the RCB to Building 23. The ST flask is used approximately 10 times per year for
shearing and to transport the sheared irradiated fuel elements outside the RCB. The FE
flask is used to move the irradiated fuel elements from the No. 1 Storage Block to the ST
flask, which is temporarily positioned in the RCB near the VAL. The FE flask also
returns the separated shield plugs to the No. 1 Storage Block. Once loaded with sheared
fuel elements, the ST flask, including the shear gate assembly, is lifted onto a vehicle for
transport outside the RCB. This part of POS-8 completes the fuel handling movements
considered inside the RCB.
•

POS-9 — Storage and Handling in Building 23. The ST flask is driven outside the
RCB to Building 23 for unloading. The movement of the ST flask using long and short
chains to the cropping pond and unloading of the four irradiated fuel elements is
considered as part of POS-9.
After unloading of the ST flask, activities in the Building 23 ponds (i.e., cropping and
transport to the Gamma irradiation pond) do not involve the lifting of heavy loads.
However, occasionally the cropped ends must be removed from the cropping pond. The
solid waste retrievable flask is used to remove the cropped ends. However, during such
unloading, the flask does not pass over irradiated fuel and therefore is not considered
further.

•

POS-10 — Loading, Transport from Building 23 to Building 27, and Storage in
Building 27. This POS covers the transport of stored fuel from the ponds in Building 23
to dry storage in Building 27. This transport is accomplished using the GP flask. A
vehicle is used to transport the loaded GP flask to Building 27. At Building 27, the GP
flask is lifted to the dry storage hole to deposit the irradiated fuel. The number of GP
flask movements is dependent on the amount of fuel transported, which in turn is
dependent on the amount of fuel that will be shipped overseas. The analysis assumes that
120 fuel elements will be moved each year, or 60 transfers by the GP flask that holds the
two fuel elements.

•

POS-11 — Storage in Building 59 Dounreay Flasks. The irradiated fuel stored in the
Dounreay flasks has been loaded for many years. Under normal circumstances, it would
not be moved, and no other heavy objects could possibly impact the flasks. Therefore, no
heavy object movements are considered for this POS.

•

POS-12 — Storage and Handling in Building 41 Pond. The analysis assumes that the
Dounreay flasks will be refurbished by replacing their seals in the near future, requiring
that they be transported and unloaded in the Building 41 pond. Transport of all seven
Dounreay flasks to Building 41, lifting into the pond, and removal of the flask's lids are
considered in this POS. After refurbishment, replacement of the lid, lifting of the closed
Dounreay flask from the pond, and transport back to Building 59 is also considered.
Note that this transport of the Dounreay flasks for refurbishing has not previously been
performed, and may only occur once. The PSA model frequency results are
conservatively computed for the year in which the refurbishment takes place.

•

POS-13 — Transport to Building 41 and Loading of LHRL-120 Spent Fuel
Shipping Cask. This POS covers the loading of the LHRL-120 spent fuel shipping cask
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in the Building 41 pond. This loading requires that stored fuel be transported to the pond.
The fuel to be shipped is assumed to be transported from dry storage in Building 27. One
shipping cask loading and shipping totaling 120 fuel elements is assumed per year. The
GP flask is used to transport the fuel between buildings, and is suspended over the pond
while the fuel is lowered into the pond. The irradiated fuel is loaded underwater into
shipping baskets, which are later loaded into the shipping cask. The empty shipping cask
is moved to the Building 41 pond, loaded underwater with the two full shipping baskets,
the cask lid replaced, and then the loaded shipping cask is lifted out of the pond and into
the shipping vehicle for transport offsite. These movements are all considered in the
analysis of flask and other heavy object drops.
Each of the movements alluded to in the preceding paragraphs are included in the spreadsheets
shown as Tables 5.5-1 and 5.5-2. It was found that at present there was insufficient safety
analysis information to determine if the dropping of a flask containing fuel or the dropping of
any heavy load onto stored fuel would indeed cause fuel damage. The event frequency models
for drops consider the frequency of drops and the location that is impacted by the drop. This is
all that is necessary for comparison against the safety objectives detailed in Section 10.
5.5.1.1 Probability of Crane Failure during Operation
A key failure rate for this analysis is the frequency of dropping a heavy object from a crane
during operation. Several different routine crane operations are performed at HIFAR. These
operations include the transport of fresh and irradiated fuel using the fuel element flask,
movement of the shear and transport flask, and the lifting of other heavy objects near stored
irradiated fuel. Loss of load has the potential to result in damage to the irradiated fuel being
lifted; in addition, the uncontrolled drop of a heavy load on stored fuel (e.g., in the Building 23
storage pool or in the RAT) has the potential to cause mechanical damage to the fuel, or to result
in a criticality event.
Crane failure data collected as part of the program designed to resolve the issue of "Control of
Heavy Loads at Nuclear Power Plants" [NUREG-0612 (Reference 5.5-1)] was reviewed for its
applicability to crane operations at HIFAR. The most complete source of information discussed
in NUREG-0612 is from U.S. Navy experience. Based on Navy data, the probability of loss of
load ranges from 2.5 x 10'5 to 3 x 10"4 per lift, with a median of 2.7 x 10"5 loss of load events per
lift.
Several factors make this an overly conservative estimate of the probability of loss of load for
HIFAR. First, the Navy data represent crane operations that involve a wide variety of
environments and load scenarios. Essentially, all Navy cranes are outdoors and exposed to the
elements. Also, while some operations can be considered to be "standard," many loads are not
of a standard configuration. In addition, some operations are land-based while some involve
operations onboard ship. For these reasons, we feel that the range 2.5 x 10"6 to 3 x 10"5 drops per
lift is more appropriate. If we were to interpret these estimates as the 5th and the 95th confidence
bounds of a lognormal distribution (i.e., the range is interpreted as representing a 90%
confidence interval), then the implied mean value is 1.2 x 10"5 drops per lift.
A second major difference between the Navy application and the use of cranes at HIFAR centers
around the training and the experience of the personnel operating and guiding the crane during
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operation. The Navy experience reflects a level of training and experience of much less depth
than the corresponding experience of the HIFAR personnel. Personnel turnover and rotation
limit the amount of experience of Navy crane operations personnel. The Navy data suggests that
70% of crane loss of load events are due to operator error. The underlying causes for these errors
range from leaving the crane in the "lift" mode causing it to lift to its limit due to inattention. An
additional 7% is due to design errors or maintenance errors. These causes are judged to not be
completely applicable to the crane operations at HIFAR. The probability represented by the
modified Navy distribution is reduced by a factor of 4 (or 3 x 10"6) to better reflect the crane
operations at HIFAR.
The prior distribution with a median of 3 x 10"6 and a range factor of 10 is updated with the
estimated DIDO-class reactor experience. We estimate the DIDO experience to be
approximately 3,681 lifts per DIDO-class reactor-year and approximately 165 DIDO-class years
of experience [extrapolated from the estimate of 120 years of experience in 1982 by Nicholson
(Reference 5.5-2)] for a total of approximately 600,000 lifts without significant incident.
The mean of the updated distribution is 1.16 x 10"*; this distribution represents lifts of all types.
Two distinct probability distributions are necessary to describe the crane operations at HIFAR.
The first is applicable to crane lifts that involve the use of lifting devices such as chains or
special hooks. Specifically, this distribution would be applicable to operations involving lifting
of the ST flask, the LHRL-120 shipping containers, or the top plate. The Navy data suggest that
operations involving such lifting devices may have a loss of load frequency 30% higher than lifts
that do not involve lifting devices. To represent such lifts, a conservative approach was taken.
Specifically, the distribution with a mean value of 1.16 x 10"6 was multiplied by 1.3 to yield a
mean value of 1.50 x 10"6. The second distribution required is for crane lifts that do not use
lifting devices; i.e., the crane hook attaches directly to a lifting ring that is an integral part of a
flask. Lifting the fuel element transfer flask is an example of an activity described by this second
distribution. The mean value of the distribution for this second class of lifts is conservatively
taken to be 1.16 x 10"6 drops per lift.
The available data is expressed in terms of "drops per lift." We are interested in estimating the
likelihood of load drops at specific points along the path that the load takes. We estimate that the
greatest portion of load drops occur either when the load is first lifted or when it is delivered.
We further estimate that 50% of the drops occur on the initial lift and 25% on the final
placement.
We also estimate that a "typical" lift, as represented in the Navy data, takes 10 minutes from load
lift to delivery. This allows us to estimate the "failure rate" (drops per minute transported).
The final distributions used in the calculation of load drop probability are as follows:
•

Type 1 Lift: ST Flask, LHRL-120 Shipping Cask, or Top Plate
—

Probability of loss of load on initial lift: mean value 7.5 x 10'7 drops per lift.

—

Probability of loss of load on delivery: mean value 3.8 x 10"7 drops per lift.

\DIST\REPORT\SECT 5.5.DOC.01/14/98

5.5-5

—

•

Probability of loss of load during transit: mean value 3.8 x 10'8 drops per minute
transit.

Type 2 Lift: Lifts without Lift Rigging
—

Probability of loss of load on initial lift: mean value 5.8 x 10"7 drops per lift.

—

Probability of loss of load on delivery: mean value 2.9 x 10"7 drops per lift.

—

Probability of loss of load during transit: mean value 2.9 x 10'8 drops per minute
transit.

5.5.1.2 Probability of Vehicle Accident during Transport of Loaded Flask
A second key failure rate is the frequency of a vehicle crash that would impact the loaded flask
the vehicle is transporting; i.e., the ST flask or the GP flask.
Vehicle accidents have the potential to cause upset of flasks transported onsite. The flasks of
concern are the ST and general purpose flasks. If these flasks were to topple over, it is
conceivable that the irradiated fuel contained in them would be damaged or eventually overheat.
In this section, we will develop a conservative estimate for the frequency of vehicle accidents
that are severe enough to result in flask toppling.
The estimate used in the analysis was developed from the observed accident rate on Heathcote
Road. According to the information obtained from the Roads and Traffic Authority
(Reference 5.5-3), 120 accidents occurred along a 10-mile portion of the road in a 5-year period.
This implies an annual accident rate of 24 accidents per year along this stretch of road.
Assuming 14,000 vehicles per day used Heathcote Road during the 5-year period, this accident
rate can also be expressed as 2.8 x 10"7 accidents per year per kilometer.
There are obviously significant differences between traffic conditions, type of vehicles involved,
traffic control, and typical traffic speeds between the onsite routes and Heathcote Road. The
amount of traffic onsite is significantly less, average speeds onsite are low, and precautions are
taken to minimize traffic that potentially impact the transport vehicle when flasks are being
transported. It is felt to be quite conservative to estimate the accident rate onsite (involving flask
transport vehicles) to be a factor of 100 lower, or 2.8 x 10"9 accidents per year per kilometer. We
further conservatively assume that all accidents would result in flask toppling and subsequent
fuel damage.
5.5.1.3 Results for Mechanical Drops and Vehicle Crashes
The models for flask and other heavy object drops and for vehicle crashes are used in the flask
and heavy object spreadsheets to compute the frequency of drops for all of the movements. The
frequencies for all the movements are summed to give the frequencies of plant damage states
involving mechanical impacts. The results are shown in a number of tables.
Table 5.5-3 shows the contribution of different objects lifted inside the RCB to flask and heavy
object plant damage states. The total heavy object drop frequency is shown as 4.16 x 10"3 events

\DIS1AREPORT\SECT 5.5.DOC.01/14/98

5.5-6

per year. The largest contribution from drops comes from plant damage states IMSS and IMSR;
i.e., mechanical impacts of heavy objects on the No. 1 Storage Block and the reactor. Drops of
flasks containing irradiated fuel are seen to be only a small fraction of the total drop frequency.
Category N/A is for lifts of heavy objects that do not contain fuel and would not land on stored
fuel if dropped. A selected number of movements of this type were included in the spreadsheets
for completeness.
Only partial PDS identifiers are used in Table 5.5-3 because the response of RCB active systems
has not yet been included. It is seen that the FE flask poses the greatest potential for impact.
This is based on the number of lifts involving the FE flask, it often carries irradiated fuel, and it
generally is lifted between the places in which irradiated fuel is stored inside the RCB; i.e., the
No. 1 Storage Block and the reactor. The reader is referred to Figure 4.4-3 for an explanation of
the PDS identifiers. It is worth noting that drops of flasks containing irradiated fuel are mapped
to plant damage states that begin with IF—. If the dropped flask does not contain irradiated fuel
at the time, then the event is mapped to a plant damage state that begins with the letters IM—.
For movements outside the RCB, Table 5.5-4 shows the contribution of mechanical impacts of
flasks and heavy objects to plant damage states. Both drops and transportation accidents are
included in the totals. The transport events were also separated out and are shown in Table 5.5-4
to be a small fraction of the total risk contribution. General purpose flask drops are found to
contribute most because of the number of assigned movements to this flask. Most of the
contribution from drops of the GP flask (i.e., plant damage state OFFN) involves the dropping of
the flask but not onto other stored fuel.
Table 5.5-5 shows the contribution of different items lifted to the risks of different plant
operating states. The highest risk of mechanical impact is seen to be for POS-5. This is because
of the large number of movements that occur during plant operation inside the RCB.
Table 5.5-6 shows the contribution of different plant operating states to plant damage states
inside and outside the RCB. Again the role of POS-5 is seen to be a significant fraction of the
total.
In order to compare the results for flask and heavy object drops to the safety objectives outlined
in Section 10, it was first necessary to evaluate the response of the RCB active systems to drops
inside the RCB. The five partial plant damage states seen in Table 5.5-3 were treated as
initiating events for the models developed for the response of the active RCB systems. The
resulting flask and heavy object drop contributions to safety objectives 3,4, and 5 are shown in
Tables 5.5-7, 5.5-8, and 5.5-9, respectively. Drops and mechanical impacts do not contribute to
the other safety objectives.
It is seen that safety objective 3 is complied with, safety objective 4 is marginally exceeded, and
safety objective 5 is greatly exceeded. The exceedance of safety objective 4 is seen to be entirely
due to drops that occur outside the RCB; i.e., from plant damage state OFFN. If the drop occurs
within the RCB, then it is very likely that the RCB active systems will respond correctly. It is
seen that safety objective 5 is exceeded primarily due to drops that occur within the RCB and in
which the RCB active systems function as designed. Even so, the safety objective 5 criterion is
exceeded just due to the drops on fuel storage occurring outside the RCB alone.
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5.5.2 Loss of Cooling to Irradiated Fuel Elements Within a Flask
Consideration was given to the possibility of damage occurring to irradiated fuel due to
ineffective cooling while within a flask. Specifically, the possibility of fuel damage in POS-4,
POS-8, and POS-10 was considered. In these POSs, irradiated fuel is moved from the RAT to
the No. 1 Storage Block, from the No. 1 Storage Block to Building 23, and from Building 23 to
Building 27, respectively. Movements of irradiated fuel during fuel replacement (i.e., in POS-4)
involve the FE flask. Movements of irradiated fuel in POS-8 and POS-10 involve the ST flask
and the GP flask, respectively.
5.5.2.1 Irradiated Fuel Transfer from the RAT to the No. 1 Storage Block
This section considers the possibility of damage occurring to irradiated fuel due to overheating
while undergoing transport from the RAT to the No. 1 Storage Block.
Nicholson (Reference 5.5-4) considered the possibility of a fuel element becoming jammed as it
is being loaded into the FE flask. That assessment concluded that although such an event would
require two independent failures, it nevertheless is a credible event. Damage could occur to a
jammed fuel element if the operator ignored the unusual resistance of the FE flask door closing
and, in addition, if the damage was sufficient to prevent natural cooling and if the door was
closed while the element was not fully withdrawn into the flask. It is noted that positive
indication is available to the operator to signify that the grab is fully withdrawn into the flask.
Nicholson concluded that such a series of events was highly improbable. The PSA team concurs
with this assessment for the activities following a normal program shutdown.
Analyses summarized in the HIFAR Safety Document indicate that the FE flask cooling system
is sufficient to safely remove the decay heat from an element (with a central facility) that has a
decay power level up to 11.4 kW. In addition, an element with a decay power level up to 4 kW
can be safely transported, given no delays occur during transfer, without operation of the FE
flask cooling system.
An element (with or without a central facility) with a decay power level as great as 2.23 kW can
be safely transported in the FE flask without operation of the flask's active cooling system
(Reference 5.5-5). The PSA team reviewed and concurred with the bases for this latter assertion.
Essentially, the FE flask has enough thermal mass for conduction and convection heat transfer,
along with radiative cooling of the outer surface of the flask, for these passive cooling
mechanisms to provide sufficient cooling.
Removal of irradiated fuel from the RAT as part of a normal program shutdown, in practice,
does not commence until 72 hours after shutdown. Movement is permitted as early as 48 hours.
From Table 4.2-3, the decay power associated with an irradiated fuel element is less than 0.25%
of its preshutdown power level at 48 hours.
In practice, the power level of an element in its last operating cycle is less than 500 kW prior to
shutdown. This value is significantly less than the limiting value of 830 kW shown in
Table 4.2-3. From the data presented in that table, it can be concluded that fuel damage due to
loss of flask active cooling is not possible during fuel movement associated with a normal
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program outage, even if the wrong fuel element is selected and movement commences at
48 hours (the administrative limit) rather than at 72 hours (corresponding to normal practice).
As discussed in Section 4.3.4, approximately once every 4 years a major shutdown is entered.
During a major shutdown, all irradiated fuel is removed from the RAT for storage in the No. 1
Storage Block.
As is the case for a normal program shutdown, individual fuel elements are only offloaded after
the decay heat level for each element drops below 2 kW. Therefore, if the correct elements are
selected, no active cooling is required to prevent overheating during fuel transfer using the FE
flask associated with a major shutdown.
During a major shutdown, some fuel replacement, starting with the elements with the lowest
decay heat, is initiated within 24 hours of shutdown. Assuming the fraction of full-power level
is 0.4% (corresponding to decay between 12 and 24 hours, and thus resulting in a conservative
estimate of the decay power level of an element), a review of the calculated element power levels
for individual elements and 13 operating cycles (Reference 5.5-6) suggest that typically 19 of
25 elements would have a corresponding power level less than 2 kW, thus requiring no active
cooling. It is also noted that all elements are below 4 kW prior to the commencement of fuel
movement (see Table 4.2-3).
As in Section 4.3.4, it is noted that in a major shutdown, there is an extra independent check of
the fuel element selected for offloading relative to the checks performed for a normal program
shutdown. This additional check further decreases the likelihood that a fuel element is selected
for movement in error.
For irradiated fuel to overheat during transfer as part of a major shutdown, several events must
occur, as follows:
•

A fuel element must be improperly selected. This could be the result of an incorrect
element being selected for movement, or of a calculational error in which the active
handling team correctly moves an element that has been improperly characterized. An
error of the latter type has occurred in the past before additional independent verification
steps were instituted.

•

The independent verification and normal checks must fail to detect the error.

•

The element improperly selected must have a decay power greater than 2.23 kW; if
selected according to plan, the decay power of all elements will be 2.23 kW, or less,
when selected.

•

The flask cooling system must fail. Adequate cooling is provided for all elements if this
system is functional. Cooling system failure and support system failures are possible
mechanisms that would defeat the flask cooling system.

•

The transfer of the fuel to the No. 1 Storage Block must be delayed. All the fuel at the
time of the initiation of transfer is below 4 kW, so that the flask cooling system is not
needed if the transfer time is the "normal" 10 minutes. A conservative upper bound of
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the decay power of the elements, using data from Table 4.2-3 is 3.45 kW, yielding more
margin in the transfer time. Jamming of the fuel element while loading the FE flask,
crane failures, and support system failures are possible delay mechanisms.
•

Recovery of cooling is not accomplished in a timely manner. Procedures are available to
align alternative power sources for crane operation. In addition, instructions are given for
the flask to be filled with demineralized water as a possible recovery action that promotes
heat transfer between the irradiated fuel element and the flask.

The frequency of fuel damage during FE flask transfer as part of a major shutdown can therefore
be formulated as:
<*> = G>mS >< P e X Pv X Pp>2kW X Pfc X P d X P r

(5-5.1)

where
O ras

= the frequency of major shutdowns (0.25 per year).

pe

= the probability of improperly selecting an element for transfer. Given the
training and experience of the HIFAR staff, a value of 0.01 per FE flask loading
is felt to be a conservative estimate of p e .

pv

= the probability that the independent verification and checks fail to disclose that
an element has been improperly selected for movement. A value of 0.05 is
believed to be a conservative estimate, indicating that 19 of 20 errors would be
successfully detected.

Pp>2 kw

=

m e

likelihood that the element incorrectly selected has decay power in excess of
2.23 kW. A value of 1 is chosen to bound this event and to reflect the fact that
multiple chances to select the wrong element are present, given that all elements
will be offloaded. It is noted that the product of p e and Pp>2kW is not
incompatible with observation.

pfc and p d = the probabilities (actually unavailabilities) of flask cooling and transfer delay,
respectively. Support system failure could impact both events. The flask
cooling system receives power from a diesel-backed source (SSA). The crane
power system (LSB) is not diesel-backed, although procedures exist
(Reference 5.5-7) to manually align the crane system to the " B " diesel
generator.
The failure of flask cooling and crane operation due to support system failure is estimated as
follows:
(Pfc PdXupport = ^losp

X

^transfer

X

UsSAUosp X U L S B || o s p X p T X USSB|ssA_tosp

(5.5.2)

The product of (O!osp x d^fo) is the frequency of loss of offsite power x the duration of a transfer
operation; i.e., the unavailability of offsite power during the normal fuel transfer period. We
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estimate the value of this product as 0.283 loss of offsite power events per year x 10 minutes
typical transfer time -s- 60 minutes per hour -*• 8,760 hours per year = 5.4 x 10"6.
SSAIIOSP is

the unavailability of power to the FE active cooling system, given loss of offsite power.
From Appendix C, this unavailability is identified with split fraction SSA2, which has a mean
value of 4.7 x 10'2.
U

LSBIIOSP i

s

the unavailability of power at line supply "B," given the loss of offsite power. Since
LSB has no diesel backup, the value assigned to this parameter is 1.0.

U

Pr is the probability that the operators are unsuccessful in aligning an alternative source of power
to the crane, given the loss of LSB. A value of 0.1 is felt to be a conservative representation for
pT, given the existence of explicit procedures to guide the action and ample time to accomplish
the necessary steps.
*s ^ e unavailability of power at SSB, the alternate source of power for the crane, given
the loss of offsite power and failure of power at SSA. From Appendix C, this unavailability is
identified with split fraction SSB4, which has a mean value of 6.9 x 10'2.
(pfc Pd)suPPort is therefore estimated to be 1.8 x 10'9.
In addition, flask cooling could fail due to system failure (estimated as 5 x 10"3 per demand + 10*6
failures per hour x 1/6 hour = 5 x 10"3). Independent crane incidents of delay are estimated to
occur at a rate of 5 x 10"4 per hour, implying an unavailability of 8.3 x 10"5 for the 10-minute
mission. This crane data is based on the assumption that cranes similar to that in the RCB will
experience an operational malfunction once for every 2,000 hours of operation that will interrupt
operation. This value represents all modes of failure or delay, such as a fuel element jamming in
the flask causing delay, since events leading to operational delay, not just catastrophic failure
such as loss of load, are of interest. As a result, the crane failure likelihood is significantly
higher than that utilized in Section 5.5.1.
pr is the probability that recovery actions fail or are ineffective. A bounding estimate of 1.0 is
selected for this event.
Combining the above estimates for the elemental events, a bounding estimate of the frequency of
loss of FE flask cooling leading to fuel damage is:
O = (0.25)(0.01)(0.05)(1)[1.8 x 10 9 + (5 x 10"3)(8.3 x 10"5)](l)
(5.5.3)
= 5.2 x 10"" fuel damage events per year.
This value is on the same order as the frequency truncation used in the analysis. The scenario is
not considered further.
Consideration was also given to the possibility of an irradiated fuel element being placed
erroneously in the "fresh fuel" section of the No. 1 Storage Block. The fresh fuel section is dry;
i.e., not actively cooled. The concern is that if the power level of the irradiated fuel element is
sufficiently high, overheating may occur.
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The assumption is made that the temperature of irradiated fuel elements with power level less
than 2.23 kW, if such an element were to be erroneously placed in the fresh fuel section of the
No. 1 Storage Block, would not exceed temperatures analyzed to be reached in an uncooled FE
flask. This assumption appears to be reasonable since the same heat transfer mechanisms are
present within the storage block as in the flask, and given the heat sink offered by the storage
block structure. It is noted, however, that no analyses are available to substantiate this
assumption. Given this assumption, all of the elements transferred from the RAT as part of a
normal shutdown would not be in danger of damage due to overheating if mispositioned in the
storage block. In addition, if the elements are unloaded from the RAT in proper sequence as part
of a major shutdown, no overheating is anticipated. The only possibility of irradiated element
overheating is if, as part of a major shutdown, fuel elements are removed from the RAT in an
incorrect order such that an element with decay power greater than 2.23 kW is selected, and if
that element is incorrectly deposited in the fresh fuel section of the No. 1 Storage Block.
The frequency of removing an element from the RAT with decay power greater than 2.23 kW as
part of a major shutdown was determined above to be:
$

=

^ms x Pe x Pv x Pp>2kwn ~ (0.25)(0.01)(0.05)(l) = 1.25 x 10"4 events per year.

(5.5.4)

We believe the error of placing an irradiated fuel element in the fresh fuel section of the storage
block is essentially decoupled from the error of selecting the wrong element for movement from
the RAT. The two procedures are very different actions, and the latter error possibly due to
calculational error. The evidence from operating history at HIFAR supports the claim that the
likelihood of placing an element in error in the fresh fuel section of the storage block is quite
small. Over 1,500 elements have been removed from the RAT without such an event occurring.
It is noted that precautions have been put into practice to segregate different portions of the
storage block following an incident that involved the lifting of an irradiated fuel element, rather
than the anticipated ragged end, from the storage block rather than during a routine procedure
unrelated to removing irradiated fuel from the RAT. This segregation further reduces the
likelihood of placing an irradiated fuel element in the wrong section of the storage block. In
addition, several trained and experienced personnel are involved in the transfer process, any of
which should easily detect that the wrong portion of the storage block is being accessed. We
believe that the likelihood of placing an irradiated fuel element in the fresh fuel section of the
storage block to be no greater than 10"4 per fuel element transfer. The frequency of fuel damage
from such a scenario is therefore no greater than 1.25 x 10'8 events per year. This scenario is not
considered further due to its low frequency and its negligible contribution to the frequency of
fuel damage inside the RCB.
5.5.2.2 Irradiated Fuel Transfer from the No. 1 Storage Block to Building 23
This section considers the possibility of damage occurring to irradiated fuel due to overheating
while undergoing transport from the No. 1 Storage Block to Building 23.
Irradiated fuel elements are transferred via the ST flask from the No. 1 Storage Block to the
cooling ponds in Building 23. As noted in Section 4.3.5, a total of nine ST flask transfers of four
elements each is assumed to occur each calendar year. It is further assumed that ST flask
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transfers will not occur during a major shutdown. This assumption is reasonable given the
number of activities that must be accomplished in a timely manner during a major shutdown.
The elements are moved no earlier than 37 days after they have been removed from the RAT. In
practice, the decay time for the elements is sometimes greater than 37 days.
The original design of the ST flask was such that the elements were shipped dry. Later, filling
the flask with demineralized water became standard practice, thus further facilitating heat
transfer. There is no active cooling system for the ST flask. Analyses referenced in the HIFAR
Safety Document support the conclusion that a dry ST flask would support the transfer of four
elements totaling 3.2 kW of decay heat.
For fuel to overheat during transfer, several events must occur. These are:
•

Fuel elements must be improperly selected for loading into the ST flask. As documented
in Section 4.2.1, the No. 1 Storage Block contained 16 elements in the irradiated fuel
section on October 8,1996. It is conceivable that elements that have just been removed
from the RAT 9 days earlier (rather than the minimum 37 days) could be selected.

•

The normal checks must fail to detect the error.

•

The elements selected must represent an excessive thermal load for the ST flask. The
HIFAR Safety Document notes that less than 10% of the elements removed from the
RAT as part of a normal program shutdown had a decay power level, prior to shutdown,
of 350 kW or greater. An element with an initial power level of 350 kW would decay to
0.5 kW in 9 days. Note that the 4/3 factor typically applied in decay power calculations
is not relevant in this case.

•

The flask must loose its inventory of demineralized water; the original analyses of the ST
flask assumed dry conditions.

•

Recovery actions, such as refilling the flask with demineralized water, must fail.

Section 7.6.10 of the HIFAR Safety Document concludes that the likelihood of fuel overheating
within the ST flask is incredible. The PSA team concurs with this conclusion. The available
data (Reference 5.5-6) presents the calculated power level every fuel element for 12 fuel cycles.
From this data, the power level for 31 elements during their last fuel cycle in the RAT was noted
(representing 11 refuelings). The average power level of these elements in their last cycle was
388 kW. Typically, three elements having a total power level prior to shutdown of between
1,081 and 1,248 kW were removed during each refueling. The highest power element removed
was operated at 504 kW during its last cycle. Assuming three elements each having been
operated at 504 kW (a highly unlikely scenario) were moved to the No. 1 Storage Block, the
three would decay in power to approximately 1.6 kW (3 x 504 x 0.75 x 0.001409) in 9 days. If
all three elements offloaded from the RAT are placed in the ST flask in error at 9 days, and a
fourth element with a decay power level of 0.76 kW (the power level of an element with an
initial power of 850 kW after 31 days), then the estimated thermal load limit of 3.2 kW for a dry
flask is not exceeded. It is very unlikely that any four elements would present an excessive
thermal load.
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5.5.2.3 Irradiated Fuel Transfer from Building 23 to Building 27
This section considers the possibility of damage occurring to irradiated fuel due to overheating
while undergoing transport from Building 23 to Building 27.
Irradiated fuel elements remain in wet storage in Building 23 for a minimum of 1 year (and in
practice, several years) at which time they may be moved to Building 27 using the GP flask
(POS-10). The elements that are candidates for movement located in the gamma irradiation
pond and are segregated from elements that have been recently received from the No. 1 Storage
Block and are temporarily stored in the cropping pond. Given the long residence time in
Building 23, it is not possible for the elements in an intact GP flask to overheat.
The possibility of dropping a GP flask resulting in damage is considered in Section 5.5.1.

5.5.3 Loss of Cooling to the No. 1 Storage Block
This section considers the possibility of damage occurring to the fuel stored in the No. 1 Storage
Block due to loss of cooling.
The irradiated fuel in the No. 1 Storage Block is cooled by a dedicated system comprised of a
normally operating train and a standby train. The pumps and heat exchangers are located outside
of the RCB. The heat exchangers are cooled by Mains water.
There is a demineralized water supply nearby that can be used to provide makeup directly to the
No. 1 Storage Block. The demineralized water head tank for the No. 1 Storage Block holds
227 liters. The demineralized water storage tank on Building 42 holds 2,270 liters and is kept
full. To transfer its contents to the demineralized water head tank requires operation of a single
demineralized water pump, which is fed from line supply B (Reference 5.5-8).
If the normally operating pump were to fail, manual start of the standby pump is necessary.
Alarms in the RCB would alert the operators to start the standby pump. Additional alarms
would occur if the temperature of the storage block water were to continue to increase.
Analyses presented in Appendix D suggest that, for the bounding case of the entire core having
been offloaded as part of a major shutdown, approximately 6 hours elapse following cooling
failure and boiling of the storage block water. It is expected that boiling would be accompanied
by further alarms in the RCB. The calculations also suggest that fuel damage would not occur
until some 48 hours following cooling system failure. Additional analyses in Appendix D
suggest that for inventories typical of the heat load found in the No. 1 Storage Block (i.e., for
times other that during a major shutdown), the time to bulk boiling given loss of storage block
cooling is over 42 hours (1.8 days). Experience at HIFAR suggests that extraordinary actions
can be accomplished when such long lead times are available. One such incidence is noted in
HIFAR's history (before the onsite reservoir was provided) when a fire truck was dispatched for
service at HIFAR when the Mains water supply to the site was temporally interrupted. Further,
the analysis reported in Appendix D indicates that for "typical" heat loads, the water level would
not reach the top of the irradiated fuel before 19 days following loss of cooling, and fuel damage
is not anticipated before 32 days following loss of cooling. Given the time available for

\DISTAREPORT\SECT 5.5.DOC.01/14/98

5.5-14

response, such as bringing in additional sources of water or repair or replacement of damaged
equipment, no credible scenarios were identified for loss of cooling scenarios when the storage
block contains a typical heat load.
Loss of cooling scenarios of potential interest, therefore, are limited to the time period associated
with a major shutdown. If a major shutdown lasts 10 weeks and occurs once every 4 years, then
the fraction of time the No. 1 Storage Block contains sufficient heat load to be of interest, fras, is:
4s = 10 weeks/4 years/52 weeks per year = 0.048

(5.5.5)

Specific causes for the failure of cooling the No. 1 Storage Block include:
•
•
•
•

Failure of the operating train.
Failure of the piping of the storage block cooling system.
Failure of electric power to the operating storage block cooling pump.
Failure of Mains water to the storage block cooling system heat exchangers.

In the models developed to represent the response of the plant and operators to specific initiators,
storage block cooling train 1 (which receives power from SSA) is assumed to normally be in
operation. Storage block cooling train 2 (which receives power from SSB) is assumed to
normally be in standby.
Each of these causes are treated as initiating event categories for the failure of storage block
cooling.
5.5.3.1 Failure of the Operating Storage Block Cooling Train
As indicated above, the operators would receive and alarm upon pump failure. The expected
response would be to locally start the standby pump (as represented by human action HOSB2).
If this action were to fail, or if the standby pump were to be unavailable (for example due to
maintenance or failure to start), additional recovery is credited before the bulk storage block
water boils. The action is to provide makeup directly to the storage block for the local
demineralized water supply or from Mains water. Given the large separation in time, the
redundant and diverse signals, and the fact that a crew shift may take place in the interim, this
second action is treated as if it were independent from the first action.
A general logic structure was developed to represent the response of the plant and the operators
to loss of storage block cooling. The event tree representing this logic structure is depicted in
Figure 5.5-1. This event tree is to be used in conjunction with the support and late response trees
developed for the other internal event models described in Sections 5.1 and 5.2 to fully describe
the scenarios of interest. The event tree is comprised of four top events that can be specialized to
represent the specific circumstances presented by the individual loss of cooling initiators. The
four top events and their interpretation for the initiator "Failure of the Operating Storage Block
Cooling Train" are described below.
•

Top Event HSBPS. Operator action to start one storage block cooling train. For the
initiator "Failure of the Operating Storage Block Cooling Train," this action is interpreted
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as aligning and starting the train that was in standby. This action is represented by the
human action HOSB2.
•

Top Event SBOP. Successful start and operation of one train of storage block cooling.
For the initiator "Failure of the Operating Storage Block Cooling Train," this top event is
interpreted as the successful start and operation for 24 hours of the standby train.

•

Top Event RESB. Recovery of power within 5 hours, start of one of two cooling trains,
and operation of one train for 24 hours. This top event is included to address recovery
actions specific to station blackout conditions. It is not relevant to the initiator "Failure
of the Operating Storage Block Cooling Train"; therefore, a split fraction representing
"guaranteed failure" is assigned.

•

Top Event HSBM. Makeup to the storage block in the long term; e.g., within 6 hours.
This action is identified with the dynamic operator action HOSB1.

The frequency of loss of cooling is therefore:
• =«

(5-5.6)

where f^ is the frequency, expressed in terms of failures per year, of the normally operating
pump, estimated by multiplying the pump failure frequency (data variable ATPMIR, mean
= 2.09 x 10"5 failures per hour) by 8,760 hours.
The estimate of the frequency is:
O = (0.048)(0.18) = 8.80 x 10'3 events per year.

(5.5.7)

The name SBRP is assigned to this initiator.

5.5.3.2 Failure of No. 1 Storage Block Cooling System Piping
A similar model is adopted to represent the possibility of failure of the cooling system piping.
The frequency of such events is estimated to be 2.3 x 10"6 events per year (from Table F-41). In
this case, the pipe break is assumed to be located in the common piping, so that the immediate
operator action of starting the standby train is assumed to be ineffectual. The only recovery
action considered is the provision of makeup to the No. 1 Storage Block via Mains water or
demineralized water.
The logic structure above is utilized with the following specific split fraction assignments:
•

Top Event HSBPS. The operator actions are not relevant to the response to this
initiating event; therefore, a split fraction value representing "guaranteed success" is
assigned to this top event.

•

Top Event SBOP. Both storage block cooling trains are assumed to be disabled by the
initiator; therefore, a split fraction representing "guaranteed failure" is assigned to this
top event.
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•

Top Event RESB. This top event is included to address recovery actions specific to
station blackout conditions. It is not relevant to the initiator "Failure of the No. 1 Storage
Block Cooling System Piping"; therefore, a split fraction representing "guaranteed
failure" is assigned.

•

Top Event HSBM. This action was considered in Section 9 specifically for the case of
cooling system piping failure and was labeled "HOSB1."

Given the long time before the stored fuel is damaged, repair to the piping may be possible.
The estimate of the frequency is:
O = fms (2.3 x 10"6) = 1.10 x lO'7 events per year.

(5.5.8)

The name SBPF is assigned to this initiator. Damage scenarios resulting from piping system
breaks are assumed to involve bypass of the containment.
5.5.3.3 Failure of Electric Power
Two categories of power failure are considered: loss of offsite power and loss of power to the
operating pump.
The logic structure presented above is again used. Specific split fraction assignments are:
•

Top Event HSBPS. Operator action to restart the normally operating train or to start and
align the standby train. The dynamic human action HOSB2 is assumed to be applicable.

•

Top Event SBOP. Successful start and operation of one train of storage block cooling.
For the initiator "Loss of Offsite Power," this top event is interpreted as the successful
start and operation for 24 hours of either the normally operating or the standby train.

•

Top Event RESB. This top event is included to address recovery actions specific to
station blackout conditions. For station blackout scenarios, this top event represents the
recovery of power within 5 hours, the start of one of two cooling trains, and the continued
operation of that train for 24 hours. For scenarios other than station blackout, a split
fraction representing "guaranteed failure" is selected.

•

Top Event HSBM. Makeup to the storage block in the long term; e.g., within 6 hours.
This action is identified with the dynamic operator action HO SB 3.

The estimate of the frequency is:
O =0>losp x fms = (0.283) x (0.048) = 0.0136 events per year.
The name SBLOSP is assigned to this initiator.
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(5.5.9)

Loss of power at SSA would also require a response by the operator and the plant systems.
Specific split fraction assignments are:
•

Top Event HSBPS. Operator action to start one storage block cooling train. For the
initiator "Loss of Power at SSA," this action is interpreted as aligning and starting the
train that was in standby. This action is represented by the human action HOSB2.

•

Top Event SBOP. Successful start and operation of one train of storage block cooling.
For the initiator "Loss of Power at SSA," this top event is interpreted as the successful
start and operation for 24 hours of the standby train, given that the normally operating
train failed due to support failure.

•

Top Event RESB. Recovery of power within 5 hours, start of one of two cooling trains,
and operation of one train for 24 hours. This top event is included to address recovery
actions specific to station blackout conditions. It is not relevant to the initiator "Loss of
Power at SSA"; therefore, a split fraction representing "guaranteed failure" is assigned.

•

Top Event HSBM. Makeup to the storage block in the long term; e.g., within 6 hours.
This action is identified with the dynamic operator action HOSB1.

The frequency of loss of power at SSA was determined to be 1.77 x 10"2 events per year.
Therefore, the frequency of loss of SSA during a major shutdown is:
O =<DSSA x fms = (1.77 x 10-2) x (0.048) = 8.50 x 10"4 events per year.

(5.5.10)

The name SBSSSA is assigned to this initiator.

5.5.3.4 Failure of Mains Water
The only recovery action considered (apart from those already credited in the analysis of the
frequency of the loss of Mains water) following the loss of Mains water during a major shutdown
is the provision of makeup to the No. 1 Storage Block via demineralized water.
The logic structure developed for representing the response to loss of the operating storage block
cooling train is again used. Specific split fraction assignments are the same as for that initiator,
with the following exceptions:
•

Top Event HSBPS. The operator actions are not relevant to the response to this
initiating event; therefore, a split fraction value representing "guaranteed success" is
assigned to this top event.

•

Top Event SBOP. Both storage block cooling trains are assumed to be rendered
ineffective (cooling is lost to the heat exchangers) by the initiator; therefore, a split
fraction representing "guaranteed failure" is assigned to this top event.
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•

Top Event RESB. This top event is included to address recovery actions specific to
station blackout conditions. It is not relevant to the initiator "Loss of Mains Water";
therefore, a split fraction representing "guaranteed failure" is assigned.

•

Top Event HSBM. This action is identified with the dynamic human action HOSB3.

The frequency of loss of Mains water was previously determined to be 2.07 x 10"4 events per
year. The frequency of unrecovered loss of Mains water during a major shutdown is therefore:
<*> = ^MAINS x 4s = (2-07 x 10"4) x (0.048) = 9.94 x 10"6 events per year.

(5.5.11)

The name SBMAIN is assigned to this initiator.

5.5.3.5 Quantification of Storage Block Loss of Cooling

Sequences

In order to more fully characterize the damage scenarios that might result from the loss of
storage block cooling, as well as to facilitate the comparison to the results to the safety objectives
outlined in Section 10.1, it was first necessary to evaluate the response of the RCB active
systems to such events inside the RCB. The models developed to determine the response of the
active RCB systems were utilized to more fully characterize the damage scenarios. Because the
containment may be open and not isolatable after 84 hours following shutdown (as per past
practices and permitted by the Operating Limits and Conditions), no credit is taken for
containment isolation during major shutdowns.
Loss of cooling scenarios involving the No. 1 Storage Block that proceed to fuel damage would
be characterized by a plant damage state that begins with the letters SE—, signifying "fuel in the
storage block" and "entire core in block" as depicted in Figure 4.4-2. Scenarios that proceed to
fuel damage arising from the failure of the storage block cooling piping are characterized by
plant damage state SEONK or SEONL. These states represent scenarios in which the
containment is bypassed and the space conditioners are either operable (SEONK) or inoperable
(SEONL). Similarly, the other damage scenarios are characterized by plant damage state SEENI
or SEENJ. These states represent scenarios in which the containment is ineffectual and the space
conditioners either operable (SEENI) or inoperable (SEENJ).
A summary of the results of the quantification of loss of storage block cooling scenarios is
presented in Table 5.5-10.
The results are also summarized in Table 5.5-11 to facilitate the comparison with safety
objective 2 discussed in Section 10.1. (All scenarios were assigned to damage states in which
the containment was ineffective, so no comparison to safety objective 1 is necessary.)
Two of the ten highest frequency scenarios are initiated by failure of the operating storage block
cooling train during a major shutdown. In the highest frequency scenario (with a frequency of
3.05 x 10"6 events per year), the standby train fails as well as do efforts to provide makeup to the
storage block prior to the onset of boiling. A similar sequence ranks third with the key failures
being failure to initiate the standby train as well as failure to provide makeup to the storage block
prior to the onset of boiling. The frequency of that scenario is 5.25 x 10"7.
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Six of the top ten scenarios are initiated by the loss of offsite power during a major shutdown.
The first of these scenarios (with the second highest frequency overall at 7.17 x 10'7) also has the
key failures involving failure to initiate (restart) a cooling pump train along with failure to
prevent boiling of the storage block inventory.
The fourth highest frequency scenario involves loss of offsite power, degraded onsite power
resulting in failure of Mains water, followed by failure to provide makeup to the storage block to
prevent boiling. The frequency of this scenario is 3.67 x 10'7.
Loss of offsite power followed by failure of either the A or B emergency diesel constitute
scenarios six and eight, respectively, with frequencies of 1.55 x 10'7 and 4.66 x 10'8. The lack of
symmetry is due to the assumption that train 1 is normally in operation; therefore, train 2 may be
unavailable due to maintenance. The key failures in both sequences are failure of the remaining
pump train and failure to provide makeup to the storage block to prevent boiling.
The remaining two loss of offsite power sequences in the top ten (numbers nine and ten) involve
failure of a single diesel, failure to start the remaining train, and failure to provide makeup in a
timely manner. These sequences have frequencies of 3.31 x 10~8 and 2.92 x 10'8 for diesel A
and B failure, respectively.
The only scenario involving loss of Mains water in the top ten has the frequency of 1.87 x 10"7
making it the number five scenario overall. The key failure here is failure to provide makeup to
the storage block to prevent boiling.
The remaining scenarios in the top ten with the highest frequency is initiated by the loss of SSA
followed by failure to start the standby train and to provide makeup to the storage block. The
frequency of this sequence is 5.07 x 10"8 events per year.
The highest frequency scenario initiated by failure of the storage block cooling piping has the
frequency of 3.35 x 10"9 and ranks as the 25* sequence overall.

5.5.4 Fuel Storage Criticality
This section considers the possibility of damage occurring to irradiated fuel due to inadvertent
criticality events involving misplacement and misalignment while the fuel is in storage.
Potential criticality events due to the dropping of heavy objects are addressed in Section 5.1.
The Criticality Certificates that are required to document the analyses that demonstrate the safety
of specific fuel configurations are effective administrative controls against inadvertent criticality
events involving stored fuel.
The likelihood of inadvertent criticality events while the fuel is stored in the No. 1 Storage Block
is minimized by the physical design of the facility. No credible inadvertent criticality scenarios
were identified for the No. 1 Storage Block.
The design of the racks in the gamma irradiation pond located in Building 23 are such that fuel
stored in the upper rack is offset with respect to fuel stored in the lower rack. It is highly
unlikely that an element dropped on top of the upper rack, or into an unoccupied space in the
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rack, would result in a criticality event. It is also highly unlikely that an element dropped in the
cropping pond section would result in a criticality event.
The storage locations in Building 27 can only facilitate two storage canisters. No credible
canister drop events leading to criticality were identified.
No credible scenarios leading to an inadvertent criticality event were identified for the
configuration of fuel observed stored in Building 41.
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Table 5.5-1 (Page 1 of 2). Flask and Heavy
Object Movements Inside the RCB
PJairt
Designator

Items lifted
SMe

INRCB-1

POS-1

INRCB-2

POS-1

INRCB-3

POS-1

INRCB-4

POS-1

INRCB-5

POS-1

INRCB-6
INRCB-7

POS-1
POS-1

INRCB-8

POS-1

INRCB-9

POS-1

Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Top Plate
Vertical Rig
Flask
Vertical Rig
Flask
Rig Plug

INRCB-10
INRCB-11

POS-1
POS-1

INRCB-12

POS-1

INRCB-13

POS-1

INRCB-14

POS-1

INRCB-15

POS-1

INRCB-16

POS-2

INRCB-17

POS-2

INRCB-18

POS-2

INRCB-19

POS-2

INRCB-20

POS-2

INRCB-21

POS-2

INRCB-22

POS-2

INRCB-23

POS-2

INRCB-24

POS-2

INRCB-25

POS-3

INRCB-26

POS-4

INRCB-27
INRCB-28
INRCB-29

POS-4
POS-4
POS-4

INRCB-30

POS-4

INRCB-31

POS-4

INRCB-32

POS-4

*1 = ST flask, LHRL-120

Location From

(Stert)

Type*
2
2
2

Flask Parking
Station
Top Plate

IMSR

Location
(per¥<sar>
9 43E-06

Frequency
Dropped to
Laming
Location
(per Year)
9.43E-06

Portable Handling Cell

IMSS

5.81E-05

3.96E-05

15

Top Plate

IMSR

6.60E-05

6.60E-05

IMSR

15

Top Plate

IMSR

4.75E-05

5.66E-05

Flask from top plate to portable
handling cell on SB.
Flask return to top plate from portable
handling cell on SB.
Flask repositioning on top plate.

Top Plate

IMSR

15

Flask Parking Station

N/A

8.29E-06

9.43E-06

Return to park station.

IMSR
N/A

10
15

Top Plate Area
Top Plate

IMSR
IMSR

1.02E-05
4.71E-06

9.88E-06
4.71E-06

Top plate move to unlock Rig X106.
Flask movement to get Rig X106.

5

Top Plate Area
Flask Parking
Station
Top Plate

IMSR

3

IMSS

4.71E-06

2.45E-06

Flask with Rig XI06.

IMSR

3.96E-06

4.71E-06

Rig X106 plug (< 200 kg) movement
above top plate.
Top plate removed to lock XI06 plug.
Move top ring plate.

Number of
Movement
Ev«jt$ per
Year

.Duration
(Minat«$)per
Moveiwsnttrf
LiftOwStert
Location.

Top Plate

13

5

Portable Handling
Cell
Top Plate

91

2

91

5

Top Plate

78

Flask Parking
Station
Top Plate Area
Top Plate

TJ>S

\

Transit and;
Landing Time
(Mnu*t«s}per
Movement ov«r
&esUna*jan

Objects ftropyetf
Ojittxttiring Lift

Lwation
lor Drop
during Lift

Flask Parking
Station
Top Plate

N/A

15

Top Plate

IMSR

5

IMSS

1

Portable Handling
Cell
Top Plate

13

2

13
6.5

1
5

Storage Block

6.5

Location Landing
(Destimrtiw)

:

Objects Dropped
Onto during Landing

H>Sko«rtk>n
for Dropping
during
Landing

Freqrtewy
Dropped

Stew

2

Portable Handling
Cell
Top Plate

2

Top Plate

1
2
2

Top Plate Area
Flask Parking
Station
Top Plate

2

Top Plate

Top Plate

6.5

1

Top Plate

IMSR

15

Vertical Experimental
Storage
Top Plate

Top Plate
Top Ring Plate

1
1

RCB Side
RCB Side

6.5
6.5

1
1

Top Plate Area
Top Plate

IMSR
IMSR

10
10

RCB Side
RCB Side

N/A
N/A

5.12E-06
5.12E-06

4.94E-06
4.94E-06

Bottom Load
Flask
Bottom Load
Flask
Bottom Load
Flask
Bottom Load
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Rig Plug

2

Portable Handling
Cell
Vehicle at VAL
Entry
Portable Handling
Cell
Vehicle at VAL
Entry
RCB Basement

52

1

10

Portable Handling Cell

IMSS

3.17E-05

3.02E-05

52

6

IMSS

2

Vehicle at VAL Entry

N/A

3.92E-05

1.81E-05

13

1

N/A

6

Portable Handling Cell

IMSS

7.92E-06

6.03E-06

13

4

IMSS

2

Vehicle at VAL Entry

N/A

9.05E-06

4.52E-06

6.5

3

Vehicle at VAL
Entry
Portable Handling
Cell
Vehicle at VAL
Entry
Portable Handling
Cell
Storage Block

N/A

2

Top Plate Area
Top Plate (at Side
ofRCB)
Vehicle at VAL
Entry
Portable Handling
Cell
Vehicle at VAL
Entry
Portable Handling
Cell
Storage Block

IMSS

18

RCB Basement

N/A

4.34E-06

5.28E-06

2

RCB Basement

Storage Block

6.5

18

RCB Basement

N/A

3

Storage Block

IMSS

7.16E-06

2.45E-06

2

Storage Block

Top Plate Area

6.5

3

Storage Block

IMSS

15

RAT

IMSR

4.34E-06

4.71E-06

2

Top Plate

TOP PLATE

13

1

Top Plate

IMSR

15

Top Plate

IMSR

7.92E-06

9.43E-06

2

Storage Block

Top Plate Area

6.5

5

Storage Block

IMSS

15

RAT

IMSR

4.71E-06

4.71E-06

2

Top Plate Area

Storage Block

6.5

3

RAT

IMSR

8

Storage Block

IMSS

4.34E-06

3.39E-06

2

Storage Block

RCB Basement

6.5

3

Storage Block

IMSS

18

RCB Basement

N/A

4.34E-06

5.28E-06

2

RCB Basement

Storage Block

13

18

RCB Basement

N/A

3

Storage Block

IMSS

1.43E-05

4.90E-06

2

Storage Block

Top Plate Area

6.5

3

Storage Block

IMSS

15

RAT

IMSR

4.34E-06

4.71E-06

2

RAT

RAT

13

0

RAT

N/A

0

RAT

N/A

7.54E-06

3.77E-06

1

Top Plate Area

Top Plate Side

13

2

Top Plate Area

IMSR

30

Top Plate Side

N/A

1.07E-05

1.98E-05

Top Plate
1
Top Plate Area
Top Plate
1
Top Plate Side
Vertical Rig
2
Storage Block
Flask
Vertical Rig
2
Top Plate Area
Flask
Vertical Rig
2
Top Plate Side
Flask
Vertical Rig
2
Top Plate Area
Flask
shipping cask, or top plate; 2 = all others.

Top Plate Side
Top Plate Area
Top Plate Area

13
13
13

3
2
5

Top Plate
Top Plate Side
Storage Block

IMSR
N/A
IMSS

2
30
15

Top Plate Side
Top Plate Area
Top Plate Area

N/A
IMSR
IMSR

1.12E-05
1.07E-05
9.43E-06

5.93E-06
1.98E-05
9.43E-06

Top Plate Side

37

1

Top Plate Area

IMSR

5

Top Plate Side

N/A

2.25E-05

1.61E-05

Top Plate Area

37

1

Top Plate Side

N/A

5

Top Plate Area

IMSR

2.25E-05

1.61E-05

Top Plate Area

37

1

Top Plate Area

IMSR

5

Top Plate Area

IMSR

2.25E-05

1.61E-05

Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Top Plate
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2
2
2

Comment

Flask from parking to top plate.

6.5-ton flask movement from vehicle at
VAL to portable handling cell.
6.5-ton flask movement from portable
handling cell to vehicle at VAL.
2.7-ton flask movement from vehicle at
VAL to portable handling cell.
2.7-ton flask movement from portable
handling cell to vehicle at VAL.
Flask from SB to carrymore trailer in
RCB basement
X106 and flask from carrymore trailer
in RCB basement to SB.
X106 and flask from SB to top plate
area.
Vertical rig (6V) plug repositioned via
yellow jib crane arm.
Vertical flask from SB to top plate area
to offload CCA.
Vertical flask from top plate area to SB
to offload CCA.
CCA and vertical flask from SB to
carrymore trailer in basement
Vertical flask from RCB basement to
SB for loading CCA.
Vertical flask from SB to top plate area
for loading CCA.
Partially lift of RigX106 1 meter of
fully seated, flask not lifted.
Move top plate to top plate side and
back.
Move top plate to side.
Return top plate to reactor.
Vertical rig flask from SB to top plate
area.
Flask with FSA/HFE move to side of
top plate.
Flask returns FSA/HFE to top plate.
Empty flask to next fuel position.
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Table 5.5-1 (Page 2 of 2). Flask and Heavy
Object Movements Inside the RCB

Scenario
Designator

Plant
Opecatmg
SM«

INRCB-33

POS-4

INRCB-34

POS-4

INRCB-35

JVijH&erof

Location Frota
(Sfcwi)

Items lifted

Location Landing
(Destination)

Movement
gventsper
Ye»r

Duration
(Minute?) per :
Objects Dropped
Movement of
Onto tfierusg Lift
l i f t Ov«r Start
Location '
1
Top Plate Area

Location
•for Drop
doting Lift

Top Plate Side

N/A

DwpfKtftQ
Sfewt
Lofstfwm
(per.y«at>
2 25E-05

Objects Stropped
Onto daring Landing

PDS Location
for Dropping
•during
tawfing

frequency
Dropped to
Lamftttg
Location

Comment

(perV«w)

Top Plate Area

Top Plate Side

37

2

Top Plate Side

Storage Block

13

5

Top Plate Side

N/A

5

Storage Block

IMSS

9.43E-06

5.66E-06

2

Storage Block

Storage Block

37

2

Storage Block

IMSS

10

Storage Block

IMSS

2.36E-05

2.15E-05

FE Flask

2

Storage Block

Top Plate

37

5

Storage Block

IFSS

3

Top Plate Area

IFSR

2.68E-05

1.39E-05

2
2

Storage Block
Top Plate Area

37
0.25

3
5

3
15

Storage Block
Top Plate Area

IFSS
IMSR

2.47E-05
1.81E-07

1.39E-05
1.81E-07

Storage Block

6.25

1

Top Plate Area
Flask Parking
Station
Top Plate Area

IFSR
N/A

2

Top Plate Area
Flask Parking
Station
Top Plate Area

IMSR

5

Storage Block

IMSS

3.81E-06

2.72E-06

2

Storage Block

Top Plate

6.25

5

Storage Block

IMSS

15

Top Plate Area

IMSR

4.53E-06

4.53E-06

SB to top plate.

2

Top Plate

5

Top Plate Area

IMSR

5

Flask Parking Station

N/A

1.81E-07

1.09E-07

Return to park position.

2

Storage Block

Flask Parking
Station
Top Plate Area

0.25

POS-4

FE Flask
Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
Vertical Rig
Flask
FE Flask

Empty FE flask from SB to new SB
position.
Fresh FE from SB to top plate; drain
IFE, withdraw IFE and insert fresh FE.
Lift flask to SB and insert IFE.
Vertical flask from parking station to
top plate during major shutdown.
Top plate to SB dry section for rigs.

5

3

Storage Block

IFSS

3

Top Plate Area

IFSR

3.34E-06

1.89E-06

FE flask from SB to top plate; withdraw

INRCB-43
INRCB-44

POS-4
POS-5

FE Flask
FE Flask

2
2

Storage Block
Top Plate Area

5
312

3
3

3
3

Storage Block
Top Plate Area

IMSS
IMSR

3.34E-06
2.08E-04

1.89E-06
1.18E-04

Empty FE flask to SB and insert IFE.
Empty FE flask to top plate.

POS-5

FE Flask

2

312

6

IMSR

10

Storage Block

IMSS

2.35E-04

1.81E-04

Flask to cell.

INRCB-46

POS-5

FE Flask

2

Flask at Top Plate

312

3

Top Plate Area

IMSR

3

Storage Block

IMSS

2.08E-04

1.18E-04

To portable handling cell.

INRCB-47

POS-5

FE Flask

2

312

3

Storage Block

IMSS

1

Top Plate Area

IMSR

2.08E-04

9.95E-05

To top plate for next unload.

INRCB-48

POS-5

FE FLASK

2

3

Storage Block

IMSS

3

Flask Parking Station

N/A

2.08E-04

1.18E-04

POS-5

Silicon Pot

2

Flask Parking
Station
Top Plate Area

312

INRCB-49

Portable Handling
Cell
Portable Handling
Cell
Top Plate Area

Portable Handling
Cell
Portable Handling
Cell
Top Plate Area

Top Plate Area
Flask Parking
Station
Top Plate Area

IMSR
N/A

INRCB-45

Top Plate Area
Flask Parking
Station
Flask at Top Plate

312

1

Top Plate Area

IMSR

5

Top Plate Area

IMSR

1.90E-04

1.36E-04

INRCB-50

POS-5

2

1

Vehicle Air Lock

N/A

10

Storage Block

IMSS

1.11E-04

1.06E-04

POS-5

182

1

Storage Block

IMSS

6

Vehicle at VAL Entry

N/A

1.11E-04

8.44E-05

INRCB-52

POS-5

Portable Handling
Cell
Vehicle at VAL
Entry
Storage Block

182

INRCB-51

130

1

6

Storage Block

IMSS

7.92E-05

6.03E-05

POS-5

130

1

Vehicle at VAL
Entry
Storage Block

N/A

INRCB-53

IMSS

6

Vehicle at VAL Entry

N/A

7.92E-05

6.03E-05

INRCB-54

POS-6

37

1

RCB Basement

N/A

3

Storage Block

IMSS

2.25E-05

1.39E-05

INRCB-55

POS-6

INRCB-56

POS-6

INRCB-57

POS-6

INRCB-58

POS-8

Bottom Load
Flask
Bottom Load
Flask
Bottom Load
Flask
Bottom Load
Flask
Ragged End
Flask
Ragged End
Flask
Ragged End
Flask
Ragged End
Flask
FE Flask

To parking station next to SB when
finished.
Silicon pot from one side of top plate to
other.
6.5-ton flask to portable handling cell
on SB; change a can.
6.5-ton flask from storage block to
VAL.
2.7-ton flask to portable handling cell
on SB.
2.7-ton flask from storage block to VAL
entry.
XX 2-3 ton empty ragged end flask to
SB to retrieve shield plug.
Flask with plug to fresh fuel assembly.

INRCB-59
INRCB-60
INRCB-61
INRCB-62
INRCB-63

POS-8
POS-8
POS-8
POS-8
POS-8

INRCB-64

POS-8

POS-4

INRCB-36

POS-4

INRCB-37
INRCB-38

POS-4
POS-4

INRCB-39

POS-4

INRCB-40

POS-4

INRCB-41

POS-4

INRCB-42

161E-05

Flask with FSA/HFE move to side to
top plate.
Empty flask return to parking station.

2

Vertical Rig
Flask
Vertical Rig
Flask
FE Flask

IMSR

Transit and;
Landtag Time
<Mimttes}|>«!r
Movement ov«r
Destination
5

IFE.

2

Vehicle at VAL
Entry
STORAGE
BLOCK
Vehicle at VAL
Entry
Storage Block

2

Parking Station

Vehicle at VAL
Entry
Storage Block

2

Storage Block

Basement

37

3

Storage Block

IMSS

7

RCB Basement

N/A

2.47E-05

1.82E-05

2

Basement

Basement

37

1

Basement

N/A

0

Basement

N/A

2.25E-05

1.07E-05

2

Basement

Storage Block

37

1

Basement

N/A

16

Storage Block

IMSS

2.25E-05

2.79E-05

2

Storage Block

Storage Block

13

1

Storage Block

IMSS

7

Storage Block

IMSS

7.92E-06

6.41E-06

FE Flask
FE Flask
FE Flask
FE Flask
Shear Gate

2
2
2
2
2

Storage Block
ST Station
ST Station
Storage Block
ST Flask

37
37
24
13
10

1
1
1
1
1

Storage Block
ST Station
Storage Block
Storage Block
ST Flask

IFSS
N/A
IMSS
IMSS
IFFN

10
10
5
7
5

ST Station
ST Station
Storage Block
Storage Block
Vehicle at VAL Entry

IFFN
IMSS
IMSS
IMSS
N/A

2.25E-05
2.25E-05
1.46E-05
7.92E-06
6.09E-06

2.15E-05
2.15E-05
1.04E-05
6.41E-06
4.35E-06

ST Flask

1

Basement

ST STATION
Storage Block
Storage Block
Storage Block
Vehicle at VAL
Entry
Vehicle at VAL
Entry

Empty flask removed: 1 minute to pull
out.
Ragged end flask lifted back to SB with
mated FE.
FE flask moves from rig section to IFE
section of SB; IFE drains 5 minutes.
Flask from SB to ST station.
Flask return to new fuel section of SB.
Flask transfer to next IFE.
FE flask transfer to rig part of SB.
Shear gate loaded onto vehicle.

10

1

Basement

IFFN

5

Vehicle at VAL Entry

IFFN

7.88E-06

5.70E-06

ST flask load onto trailer.

2
2

* 1 = ST flask, LHRL-120 shipping cask, or top plate; 2 = all others.
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Table 5.5-2. Flask and Heavy Object
Movements Outside the RCB
Location
Scenario
Designator

Plant Operating States

Items Lifted or
Transported

Object
Type*

Start

OUTRCB-1
OUTRCB-2

POS-9
POS-9

ST Flask
ST Flask

1
1

RCB
Vehicle

OUTRCB-3

POS-9

ST Flask

1

OUTRCB-4

POS-9

ST Flask

1

OUTRCB-5

POS-9

ST Flask Lid

1

OUTRCB-6

POS-9

ST Flask Lid

I

OUTRCB-7

POS-9

ST Flask

1

OUTRCB-8

POS-9

Solid Waste
Retrievable Flask
Solid Waste
Retrievable Flask
OP Flask

2

2

Building 23
Ground
Cropping
Pond Floor
Cropping
Pond Floor
Cropping
Pond
Cropping
Pond
Building 23
Loading Bay
Cropping
Pond
Loading Bay

2
2
2
2
2
2

Loading Bay
Building 23
Vehicle
Building 27
Building 59
Building 41
Building 41
Pond
Building 41
Building 41
Pond
Building 41
Pond
Building 41
Trailer

OUTRCB-9

POS-9

OUTRCB-IO

POS-10

OUTRCB-11
OUTRCB-12
OUTRCB-13
OUTRCB-14
OUTRCB-15
OUTRCB-16

POS-IO
POS-IO
POS-10
POS-11
P0S-I2

GP Flask
GP Flask
GP Flask
GP Flask
Dounreay Flask
Dounreay Flask

OUTRCB-I7

POS-12

Dounreay Flask

2

OUTRCB-18
OUTRCB-19

POS-12
POS-12

Dounreay Flask
Dounreay Flask

2
2

OUTRCB-20

POS-12

Dounreay Flask

2

OUTRCB-21
OUTRCB-22

POS-1I
POS-13

Dounreay Flask
GP Flask

2
2

OUTRCB-23

POS-13

2

OUTRCB-24

POS-13

Long-Term
Storage Can
GP Flask

OUTRCB-25
OUTRCB-26
OUTRCB-27

POS-13
POS-13
POS-13

GP Flask
GP Flask
Fuel Basket

2
2
2

OUTRCB-28

POS-13

Fuel Basket

2

OUTRCB-29

POS-13

Shipping Cask

1

OUTRCB-30

POS-13

Fuel Basket

2

OUTRCB-31

POS-13

Fuel Basket

2

OUTRCB-32

POS-13

Cask Cover

2

OUTRCB-33

POS-13

Shipping Cask

1

OUTRCB-34

POS-13

Shipping Cask

1

pos-io

2

2

Building 27
Dry Hole
Building 27
Dry Hole
Building 27
Vehicle
Building 41
Bay
Building 41
Pond
Building 41
Bay
Building 41
Pond
Building 41
Pond
Building 41
Bay
Building 41
Pond
Building 41
Floor

Destination

Number of
Movement
Events per
Year

Lift

Building 23
Building 23
Ground
Cropping
Pond
Cropping
Pond Floor
Cropping
Pond
ST Flask

10
10

Building 23
Ground
Cropping
Pond
Loading Bay

10

Y

4

Y

Cropping
Pond
Vehicle
Building 27
Building 27
Dry Hole
Building 41
Building 41
Pond
Building 41

60

10

Transit

Y

Lift

Transit

Landing

Y

0
1

20
0

0
5

0.25
0

1

2

10

0

N/A
Vehicle

N/A
OFFN

OFFN
N/A

OFFN

OFSB23

N/A

N/A

Objects
Dropped Onto
during Landing
N/A
Building 23
Ground
Cropping Pond

PDS for
Dropping
during
Landing
N/A
OFFN

Drop Frequency
Comment

Start Location
(per Year)

Transit (per
Year)

Landing
(per Year)

O.OOE+00
0.O0E+O0

7.00E-09
O.OOE+00

O.OOE+00
5.70E-O6

Transport by truck and prime mover.
Flask lift off vehicle at Building 23.

0

5

0

IS

0

0

0

ST Flask

OFFN

N/A

Y

0

0

5

0

N/A

N/A

N/A

ST Flask

OFFN

0.0OE+O0

0.0OE+O0

5.70E-06

Mate top lid to bottom of ST flask.

Y

Y

0

0

0

Cropping Pond

N/A

OMSB23

N/A

7.50E-06

7.60E-07

3.8OE-O6

ST flask lifted and drained and dried.

Y

Y

2

5

0

Loading Bay

N/A

N/A

Building 23
Ground
Building 23
Cropping Pond
Building 23
Loading Bay
Loading Bay

N/A

2.55E-O6

3.48E-07

1.74E-06

Flask from loading bay to cropping pond for cropped
ends.
Lift from cropping pond - some minutes.

Y

Y

Y
Y

PDS for
Drop
during
Transit

0

Y

60
60
60
60
7
1

PDS for
Drop
during
Lift

Cropping Pond
Floor
N/A

Y

Y

Objects
Dropped
Onto daring
Lift

Building 23
Ground
N/A

Y

10

4

Vehicle
Transport
Distance
(km)

Landing

Y

10
10

Time (Minutes)

Movement includes

3

2

3

.>

0

Cropping Pond

N/A

N/A

1

15

5

0

Loading Bay

N/A

OFFN

0
30
0
1
30
1

3
0
1
1
3
i

0
1
0
0
0.25
0

Loading Bay
N/A
Vehicle
Building 27
Building 59
Building 41

OFFN
N/A
OFFN
OFFN
OFDN
N/A

N/A
OFFN
N/A
OFFN
OFDN
OMSB41

Building 41
Pond
Building 41
Building 41
Pond
Building 41
Pond
Building 41
Vehicle

OMSB41

OMSB41

OMSB41
OMSB41

OMSB41
0MSB41

OFDN

OFFN

7.8SE-06

7.60E-07

O.OOE+00

ST flask to pond using chains.

OFFN

0.O0E+O0

O.OOE+00

5.70E-O6

Land on pond floor

N/A

I.43E-05

O.OOE+00

0.00E+O0

Lift of top of ST flask to remove fuel.

N/A

2.55E-06

3.48E-07

1.51E-O6

OFFN

0.O0E+O0

2.61E-05

0.00E+O0

GP Flask with IFEs over Building 23 Pool, Draining.

OFFN
N/A
OFFN
OrrN
OFSB41
OMSB41

3.83E-05
0.00E+00
3.65E-05
3.65E-05
4.26E-06
6.09E-07

0.00E+O0
1.68E-07
O.OOE+00
1.74E-06
4.90E-09
2.90E-08

2.26E-05
0.00E+O0
1.91E-O5
1.91E-O5
2.64E-O6
3.19E-O7

GP flask lifted onto rocket flask carrier.
GP flask transported from Building 23 to 27.
GP flask lift off vehicle.
GP flask lift to dry hole
Dounreay flask to Building 41 pond
Transfer empty Dounreay flask to pond.

OMSB41

4.26E-06

O.OOE+00

2.23E-O6

Removal of lid to Building 41 pond.

N/A
OMSB41

4.47E-06
4.26E-06

2.03E-06
2.03E-07

2.44E-06
2.23E-06

Removal of empty flask: assume 10 minutes to drip.
Lid to reloaded flask.

OFDN

Vehicle
N/A
Building 27
Dry Hole
Building 41
Building 41
Pond
Building 41
Pond
Building 41
Building 41
Pond
Building 41

OFDN

4.26E-06

2.03 E-O6

2.64E-06

OFDN
N/A

OFDN
N/A

Building 59
Dry Hole

OFDN
OMSB27

4.26E-06
0.O0E+O0

4.90E-09
1.74E-06

2.64E-06
1.91E-O5

Lift of loaded flask to Building 41 bay: 10 minutes to
drip.
Lift and transport to Building 59
GP flask to dry hole

4.35E-05

0.00E+O0

O.OOE+00

Lift of can from hole into GP flask.

Y

Y
Y
Y
Y

Y
Y
Y
Y
Y
Y

Y
Y
Y
Y

2
0
1
1
1
1

7

Y

Y

Y

1

0

i

0

Building 41
Building 41
Pond
Building 41

7
7

Y
Y

Y
Y

Y
Y

2
1

10
1

2
1

0
0

7

Y

Y

Y

1

10

3

0

Building 59
Building 27
Dry Hole
GP Flask

7
60

Y

Y
Y

Y
Y

1
0

30
1

3
1

0.25
0

60

Y

Y

5

0

0

0

Dry Hole

OFSB27

N/A

N/A

N/A

Vehicle

60

Y

Y

3.65E-05

3.48 E-06

2.61E-05

GP flask lift to vehicle in Building 27.

60
60
2

Y
Y

Vehicle in
Building 27
N/A
Vehicle
OMSB41

OFFN

Building 41
Vehicle
Building 41
Pond
Building 41
Pond
Building 41
Pond
Shipping Cask

N/A
N/A
OMSB41

O.OOE+00
3.6SE-05
1.22E-06

1.68E-07
8.70E-06
1.16E-07

0.O0E+O0
1.91E-05
6.38E-07

Transport to Building 41.
GP flask to top of pond unload can.
Return baskets from cask to Building 41 pond.

1

OMSB41

6.09E-07

1.45E-07

3.19E-07

Second basket lifted to top of first basket

OMSB41

7.88E-07

3.80E-07

4.18E-07

Empty cask filled with water and placed into pond

OFSB41

6.09E-07

1.45E-07

3.19E-07

Top loaded basket to cask.

OFSB41

6.09E-07

1.45E-07

3.19E-07

Bottom loaded basket to cask

OMSB41

6.09E-07

1.4SE-07

3.19E-O7

Cover to cask.

OFLN

8.26E-07

1.I4E-06

4.56E-07

Lift over pond, draining, and to floor.

OFLN

8.26E-07

7.60E-08

4.94E-07

Lift cask, turn horizontal, and setdown on lower limiter

Y

1

2

5

0

Dry Hole

OFSB27

OFFN

Y
Y
Y

Y
Y

0
1
1

30
5
2

0
1
1

1
0
0

N/A
OFFN
N/A

OFFN
OFSB41
OMSB41

Y

Y

Y

1

5

1

0

OMSB41

OMSB41

1

Y

Y

Y

1

10

1

0

N/A

OMSB4I

1

Y

Y

Y

1

5

1

0

N/A
Vehicle
Building 41
Bay
Building 41
Pond
Building 41
Bay
Second Basket

OFSB41

OFSB41

5

1

0

First Basket

OFSB41

OFSB4I

Building 41
Bay
Building 41
Pond
Building 41
Floor

N/A

OMSB41

0FSB41

OFSB41

Building 41
Pond
Building 41
Pond
Building 41
Pond
Building 41
Pond
Building 41
Pond
Building 41 Bay

OFLN

OFLN

Lower Limiter

Shipping Cask

1

Y

Y

Y

1

Shipping Cask

1

Y

Y

Y

1

5

1

0

Building 41
Bay
Lower Limitcr

1

Y

Y

Y

2

30

2

0

1

Y

Y

Y

2

2

3

0

• 1 = ST flask, LHRL-120 shipping cask, or lop plate; 2 =- all others.
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Table 5.5-3. Contribution of Objects Lifted inside the RCB to Flask and Heavy Object PDSs
O

Items Lifted
FE Flask
Bottom Load Flask
Vertical Rig Flask
Silicon Pot
Ragged End Flask
Top Plate
Rig Plug
ST Flask
Shear Gate
Top Ring Plate
Grand Total

IFFN
2.15E-05
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
1.36E-05
6.09E-06
O.OOE+00
4.11E-05

IFSR
4.05E-05
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
4.05E-05

Sum of Drop Frequency
PDS Location
IFSS
IMSR
IMSS
6.66E-05
6.64E-04
8.37E-04
O.OOE+00
O.OOE+00
4.40E-04
O.OOE+00
3.92E-04
1.63E-04
O.OOE+00
3.26E-04
O.OOE+00
O.OOE+00
O.OOE+00
6.65E-05
O.OOE+00
6.70E-05
O.OOE+00
O.OOE+00
2.60E-05
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
5.12E-06
O.OOE+00
6.66E-05
1.48E-03
1.51E-03

N/A
3.48E-04
3.97E-04
1.31E-04
O.OOE+00
9.66E-05
4.14E-05
O.OOE+00
O.OOE+00
4.35E-06
4.94E-06
1.02E-03

Grand Total
1.98E-03
8.37E-04
6.86E-04
3.26E-04
1.63E-04
1.08E-04
2.60E-05
1.36E-05
1.04E-05
1.01E-05
4.16E-03

Table 5.5-4. Contribution of Objects Lifted outside the RCB to Flask and Heavy Object PDSs

I3

to

Items Lifted

Sum of Drop Frequency
PDS Location
OFSB23
OFSB27
OFSB41

N/A

OFDN

OFFN

OFLN

GP Flask
Dounreay Flask
Long-Term Storage Can
ST Flask
ST Flask Lid
Solid Waste Retrievable Flask
Shipping Cask
Fuel Basket
Cask Cover
Grand Total

2.09E-05
3.05E-06
O.OOE+00
1.13E-05
O.OOE+00
9.05E-06
7.88E-07
1.22E-06
6.09E-07
4.69E-05

O.OOE+00
2.01 E-05
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
2.01 E-05

2.67E-04
O.OOE+00
O.OOE+00
1.93E-05
2.00E-05
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
3.06E-04

O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
1.85E-06
O.OOE+00
O.OOE+00
1.8SE-06

O.OOE+00
O.OOE+00
O.OOE+00
7.60E-07
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
7.60E-07

3.65E-05
O.OOE+00
4.35E-05
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
8.00E-05

Transport

O.OOE+00

9.80E-09

3.43E-07

O.OOE+00 | O.OOE+00

O.OOE+00

OMSB23

OMSB27

OMSB41

Grand
Total

8.70E-06
2.64E-06
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
1.97E-06
2.15E-06
O.OOE+00
1.55E-05

O.OOE+00
O.OOE+00
O.OOE+00
7.60E-07
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
7.60E-07

1.91 E-05
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
1.91 EOS

O.OOE+00
2.00E-05
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
7.98E-07
1.83E-06
4.64E-07
2.31E-05

3.52E-04
4.58E-05
4.35E-05
3.21E-05
2.00E-05
9.05E-06
5.40E-06
5.19E-06
1.07E-06
5.14E-04

O.OOE+00

O.OOE+00 | O.OOE+00

O.OOE+00

3.53E-07
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Table 5.5-5 (Page 1 of 2). Contribution of Items Lifted to Risks in Different Plant Operating States

(75

I

Items Lifted
FE Flask
Bottom Load Flask
Vertical Rig Flask
Silicon Pot
Ragged End Flask
Top Plate
Rig Plug
ST Flask
Shear Gate
Top Ring Plate
Grand Total

POS-1
0.00E+00
1.47E-04
3.87E-04
0.00E+00
0.00E+00
3.02E-05
8.67E-06
0.00E+00
0.00E+00
1.01E-05
5.82E-04

POS-2
0.00E+00
0.00E+00
8.33E-05
0.00E+00
0.00E+00
0.00E+00
1.73E-05
0.00E+00
0.00E+00
0.00E+00
1.01E-04

Sum of Drop Frequency
Plant Operating States
POS-3
POS-4
POS-5
1.35E-04
0.00E+00
1.70E-03
0.00E+00
0.00E+00
6.91E-04
1.13E-O5
2.05E-04
0.00E+00
0.00E+00
0.00E+00
3.26E-04
0.00E+00
0.00E+00 0.00E+00
7.82E-05
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.13E-05
4.18E-04
2.72E-03

POS-6
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.63E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.63E-04

POS-8
1.42E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.36E-05
1.04E-05
0.00E+00
1.66E-04

Grand
Total
1.98E-03
8.37E-04
6.86E-04
3.26E-04
1.63E-04
1.08E-04
2.60E-05
1.36E-05
1.04E-05
1.01E-05
4.16E-03

Table 5.5-5 (Page 2 of 2). Contribution of Items Lifted to Risks in Different Plant Operating States

I
VI

m

3

i

o

GP Flask
Dounreay Flask
Long-Term Storage Can
ST Flask
ST Flask Lid
Solid Waste Retrievable Flask
Shipping Cask
Fuel Basket
Cask Cover
Grand Total

POS-9
0.00E+00
0.00E+00
0.00E+00
3.21E-05
2.00E-05
9.05E-06
0.00E+00
0.00E+00
0.00E+00
6.12E-05

Sum of Drop Frequency
Plant Operating States
POS-12
POS-13
POS-10
POS-11
1.52E-04
2.00E-04
O.OOE+00
O.OOE+00
O.OOE+00
1.38E-05
3.20E-05
0.00E+00
O.OOE+00
4.35E-05
0.00E+00
O.OOE+00
O.OOE+00
O.OOE+00 O.OOE+00
O.OOE+00
0.00E+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
0.00E+00
O.OOE+00
O.OOE+00
O.OOE+00
5.40E-06
0.00E+00
0.00E+00
O.OOE+00
O.OOE+00
5.19E-06
O.OOE+00
O.OOE+00
0.00E+00
1.07E-06
2.00E-04
2.07E-04
1.38E-05
3.20E-05

Grand
Total
3.52E-04
4.58E-05
4.35E-05
3.21E-05
2.00E-05
9.05E-06
5.40E-06
5.19E-06
1.07E-06
5.14E-04

Transport

7.00E-09

1.68E-07

3.53E-07

Items Lifted

9.80E-09

O.OOE+00

1.68E-07
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Table 5.5-6. Contribution of Different POSs to Flask and Heavy Object Mechanical Impact PDSs

Plant Operating State
POS-1
POS-2
POS-3
POS-4
POS-5
POS-6
POS-8
Grand Total

IFFN
O.OOE+66
O.OOE+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
4.11E-05
4.11E-05

IFSR
0.00E+00
0.00E+00
0.00E+00
4.05E-05
0.00E+00
0.00E+00
0.00E+00
4.05E-05

Sum of Drop Frequency
PDS Location
IFSS
IMSR
IMSS
0.00E+00
2.94E-04
1.92E-04
0.00E+00
3.58E-05
3.28E-05
0.00E+00
0.00E+00
0.00E+00
4.41 E-05
1.63E-04
6.93E-05
0.00E+00
9.86E-04
1.07E-03
O.OOE+00
0.00E+00
6.65E-05
2.25E-05
0.00E+00
7.52E-05
6.66E-05
1.48E-03
1.51E-03

Plant Operating State
POS-9
POS-10
POS-11
POS-12
POS-13
Grand Total

N/A
2.03E-05
0.00E+00
0.00E+00
3.05E-06
2.35E-05
4.69E-05

OFDN
O.OOE+00
0.00E+00
1.12E-05
8.93E-06
O.OOE+00
2.01 E-05

OFFN
3.93E-05
2.00E-04
O.OOE+00
O.OOE+00
6.63E-05
3.06E-04

OFLN
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
1.85E-06
1.85E-06

Sum of Drop Frequency
PDS Location
OFSB23
OFSB27
OFSB41
7.60E-07
0.00E+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
2.64E-06
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
8.00E-05
1.28E-05
7.60E-07
8.00E-05
1.55E-05

OMSB23
7.60E-07
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
7.60E-07

N/A
9.56E-05
3.20E-05
1.13E-O5
1.01E-04
6.61E-04
9.66E-05
2.69E-05
1.02E-03

OMSB27
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
1.91 E-05
1.91E-05

Grand Total

OMSB41
O.OOE+00
O.OOE+00
O.OOE+00
2.00E-05
3.09E-06
2.31 E-05

5.82E-04
1.01E-04
1.13E-05
4.18E-04
2.72E-03
1.63E-04
1.66E-04
4.16E-03

Grand
Total
6.12E-0S
2.00E-04
1.38E-05
3.20E-05
2.07E-04
5.14E-04

Table 5.5-7 (Page 1 of 3). Flask and Heavy Object PDS Contributions to Safety Objective 3
End State
IMSSYB
IMSRYB
OFFN
OFSB27
IFSSYB
IFFNYB
IFSRYB
0MSB41
OMSB23
IMSSNA
IMSRNA
OFDN
OMSB27
OFSB41
IMSSYF
IMSRYF
IMSSYI
IMSRYI
OFLN
IFSSNA
OFSB23
IFFNNA
IMSSNB
IFSRNA
IMSRNB
IFSSYF
IFFNYF
IFSRYF
IMSSNE
IMSRNE
IFSSYI
IFFNYI
IFSRYI
IMSSYC
IMSRYC
IMSSNI
IMSRNI
IFSSNB
IFFNNB
IFSRNB
IMSSYD
IMSRYD
IFSSNE
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Frequency
1.47E-03
1.45E-03
3.06E-04
8.00E-05
6.50E-05
4.01E-05
3.95E-05
3.72E-05
2.58E-05
2.23E-05
2.18E-05
2.01E-05
1.91E-05
1.55E-05
1.04E-05
1.02E-05
2.25E-06
2.21E-06
1.85E-06
9.82E-07
7.60E-07
6.06E-07
6.03E-07
5.97E-07
5.91E-07
4.57E-07
2.82E-07
2.78E-07
1.57E-07
1.53E-07
9.93E-08
6.13E-08
6.04E-08
4.39E-08
4.30E-08
3.49E-08
3.42E-08
2.65E-08
1.64E-08
1.61E-08
1.23E-08
1.21E-08
6.89E-09

Table 5.5-7 (Page 2 of 3). Flask and Heavy Object PDS Contributions to Safety Objective 3
Frequency
4.25E-09
4.21E-09
4.19E-09
4.13E-09
1.89E-09
1.52E-09
1.16E-09
1.14E-09
9.35E-10
9.21-10
6.51E-10
6.38E-10
5.03E-10
3.00E-10
2.94E-10
2.86E-10
2.80E-10
1.76E-10
1.63E-10
1.60E-10
1.07E-10
1.06E-10
6.92E-11
6.78E-11
5.50E-11
5.39E-11
2.07E-11
1.19E-11
1.17E-11
8.71E-12
4.59E-12
3.99E-12
3.53E-12
1.81E-12
1.79E-12
1.33E-12
1.32E-12
1.29E-12
0.00E+00
0.00E+00
0.O0E+00
0.O0E+00
0.00E+00

End State
IFFNNE
IMSSNF
IFSRNE
IMSRNF
IFSSYC
IFSSNI
IFFNYC.
IFSRYC
IFFNNI
IFSRNI
IMSSNC
IMSRNC
IFSSYD
IFFNYD
IFSRYD
IMSSYG
IMSRYG
IFSSNF
IMSSND
IMSRND
IFFNNF
IFSRNF
IMSSYH
IMSRYH
IMSSYJ
IMSRYJ
IFSSNC
IFFNNC
IFSRNC
IFSSYG
IFFNYG
IFSSND
IFSRYG
IFFNND
IFSRND
IFSSYH
IMSSNG
IMSRNG
IFFNNG
IFFNNH
IFFNNJ
IFFNYA
IFFNYE
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Table 5.5-7 (Page 3 of 3). Flask and Heavy Object PDS Contributions to Safety Objective 3
Frequency
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
0.00E+0O
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00

End State
IFFNYH
IFFNYJ
IFSRNG
IFSRNH
IFSRNJ
IFSRYA
IFSRYE
IFSRYH
IFSRYJ
IFSSNG
IFSSNH
IFSSNJ
IFSSYA
IFSSYE
IFSSYJ
IMSRNH
IMSRNJ
IMSRYA
IMSRYE
IMSSNH
IMSSNJ
IMSSYA
IMSSYE
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Table 5.5-8 (Page 1 of 2). Flask and Heavy Object PDS Contributions to Safety Objective 4
— Drops outside the RCB or within the RCB which is Degraded
End State

Frequency
3.06E-04
8.00E-05
3.72E-05
2.58E-05
2.01E-05
1.9 IE-OS
1.55E-05
2.25E-06
2.21E-06
1.85E-06
7.60E-07
9.93E-08
6.13E-08
6.04E-08
4.39E-08
4.30E-08
3.49E-08
3.42E-08
1.23E-08
1.21E-08
1.89E-09
1.52E-09
1.16E-09
1.14E-09
9.35E-10
9.21E-10
6.51E-10
6.38E-10
5.03E-10
3.00E-10
2.94E-10
2.86E-10
2.80E-10
1.63E-10
1.60E-10
6.92E-11
6.78E-11
5.50E-11
5.39E-11
2.07E-11
1.19E-11
1.17E-11

OFFN
OFSB27
0MSB41
OMSB23
OFDN
OMSB27
OFSB41
IMSSYI
IMSRYI
OFLN
OFSB23
IFSSYI
IFFNYI
IFSRYI
IMSSYC
IMSRYC
IMSSNI
IMSRNI
IMSSYD
IMSRYD
IFSSYC
IFSSNI
IFFNYC
IFSRYC
IFFNNI
IFSRNI
IMSSNC
IMSRNC
IFSSYD
IFFNYD
IFSRYD
IMSSYG
IMSRYG
IMSSND
IMSRND
IMSSYH
IMSRYH
IMSSYJ
IMSRYJ
IFSSNC
IFFNNC
IFSRNC
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Table 5.5-8 (Page 2 of 2). Flask and Heavy Object PDS Contributions to Safety Objective 4
— Drops outside the RCB or within the RCB which is Degraded
End State
IFSSYG
IFFNYG
IFSSND
IFSRYG
IFFNND
IFSRND
IFSSYH
IMSSNG
IMSRNG
IFFNNG
IFFNNH
IFFNNJ
IFFNYH
IFFNYJ
IFSRNG
IFSRNH
IFSRNJ
IFSRYH
IFSRYJ
IFSSNG
IFSSNH
IFSSNJ
IFSSYJ
IMSRNH
IMSRNJ
IMSSNH
IMSSNJ
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Frequency
8.71E-12
4.59E-12
3.99E-12
3.53E-12
1.81E-12
1.79E-12
1.33E-12
1.32E-12
1.29E-12
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
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Table 5.5-9 (Page 1 of 3). Flask and Heavy Object PDS Contributions to
Safety Objective 5 — Drops onto Fuel Storage

Frequency

End State
IMSSYB
IMSRYB
OFSB27
IFSSYB
IFSRYB
0MSB41
OMSB23
IMSSNA
IMSRNA
OFDN
OMSB27
OFSB41
IMSSYF
IMSRYF
IMSSYI
IMSRYI
OFLN
IFSSNA
OFSB23
IMSSNB
IFSRNA
IMSRNB
IFSSYF
IFSRYF
IMSSNE
IMSRNE
IFSSYI
IFSRYI
IMSSYC
IMSRYC
IMSSNI
IMSRNI
IFSSNB
IFSRNB
IMSSYD
IMSRYD
IFSSNE
IMSSNF
IFSRNE
IMSRNF
IFSSYC
IFSSNI
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1.47E-03
1.44E-03
8.00E-05
6.50E-05
3.95E-05
3.72E-05
2.58E-05
2.23E-05
2.18E-05
2.01E-05
1.91E-05
1.55E-05
1.04E-05
1.02E-05
2.25E-06
2.21E-06
1.85E-06
9.82E-07
7.60E-07
6.03E-07
5.97E-07
5.91E-07
4.57E-07
2.78E-07
1.57E-07
1.53E-07
9.93E-08
6.04E-08
4.39E-08
4.30E-08
3.49E-08
3.42E-08
2.65E-08
1.61E-08
1.23E-08
1.21E-08
6.89E-09
4.21E-09
4.19E-09
4.13E-09
1.89E-09
1.52E-09
5.5-37

Table 5.5-9 (Page 2 of 3). Flask and Heavy Object PDS Contributions to
Safety Objective 5 — Drops onto Fuel Storage
Frequency
1.14E-09
9.21E-10
6.51E-10
6.38E-10
5.03E-10
2.94E-10
2.86E-10
2.80E-10
1.76E-10
1.63E-10
1.60E-10
1.06E-10
6.92E-11
6.78E-11
5.50E-11
5.39E-11
2.07E-11
1.17E-11
8.71E-12
3.99E-12
3.53E-12
1.79E-12
1.33E-12
1.32E-12
1.29E-12
0.00E+0O
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+0O
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00

End State
IFSRYC
IFSRNI
IMSSNC
IMSRNC
IFSSYD
IFSRYD
IMSSYG
IMSRYG
IFSSNF
IMSSND
IMSRND
IFSRNF
IMSSYH
IMSRYH
IMSSYJ
IMSRYJ
IFSSNC
IFSRNC
IFSSYG
IFSSND
IFSRYG
IFSRND
IFSSYH
IMSSNG
IMSRNG
IFSRNG
IFSRNH
IFSRNJ
IFSRYA
IFSRYE
IFSRYH
IFSRYJ
IFSSNG
IFSSNH
IFSSNJ
IFSSYA
IFSSYE
IFSSYJ
IMSRNH
IMSRNJ
IMSRYA
IMSRYE
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Table 5.5-9 (Page 3 of 3). Flask and Heavy Object PDS Contributions to
Safety Objective 5 — Drops onto Fuel Storage
»
End State
IMSSNH
IMSSNJ
IMSSYA
IMSSYE
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Frequency
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
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Table 5.5-10. Summary of the Results of the Quantification
of Loss of Storage Block Cooling Scenarios
Initiator
Failure of Operating Storage Block
Train
Failure of Storage Block Cooling
Piping
Loss of Offsite Power
Loss of Power at SSA
Loss of Mains Water
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SEENI
5.18E-06

SEENJ
1.82E-09

SEONK

SEONJ

0

0

0

0

2.80E-09

0

1.87E-06
1.07E-07

4.75E-07
4.33E-11
4.09E-07

0
0
0

0
0
0

0

5.5-40

Table 5.5-11. Storage Block Loss of Cooling Contributions to Safety Objective 2
End State
SEENI
SEENJ
SEONK
SEONJ
Total
Safety Objective 2 = 5E-05.
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Frequency
7.16E-06
8.86E-07
2.80E-09
0
8.05E-06

IE

HSBPS SBOP

RESB

HSBM
1
2
3
4
5

X1

1
2
3
4
5-7

Top Event Designator

Top Event Description

IE

Initiating Event

HSBPS

OPERATOR ACTION TO START ONE COOLING TRAIN

SBOP

SUCCESSFUL START AND OPERATION OF ONE COOLING
TRAIN

RESB

RECOVERY OF POWER WITHIN 5 HOURS; MANUAL START AND
OPERATION OF ONE COOLING TRAIN; FOR SBO SCENARIOS

HSBM

MAKEUP TO THE STORAGE BLOCK IN THE LONG TERM

Figure 5.5-1. Event Tree Representing Loss of Number 1 Storage Block Cooling Logic.
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6. EXTERNAL EVENTS

6. External Events
External events are defined in NUREG-2300 (Reference 6.1-1) as those events external to the
systems used for normal plant operation and the safety system. External events can be
categorized into two broad classes according to the source of their underlying hazard. One class
of hazards have their origin within the plant. They are often referred to as internal hazards.
Examples of this class of external events include internal fires, internal flooding, release of
caustic, explosive and toxic material stored onsite, and missiles from rotating equipment. The
second class of hazards is clearly related to the site, location, or its surrounding environment.
They are sometimes referred to as external hazards. Specific examples of external events from
this class include external flooding, external fires such as bushfires, seismic activity, high winds,
and nearby military activities. Identification and characterization of the internal hazards is
accomplished through a structured process known as spatial interaction analysis. This process is
addressed in Section 6.1. Identifying and screening of external hazards (namely, those
associated with hazards related to the site, its location, or its surrounding environment) are
discussed in Section 6.2.

6.1 Spatial Interactions Analysis
The objectives of the spatial interactions analysis are to systematically identify all internal
hazards within the HIFAR complex and to develop a comprehensive set of scenario tables that
characterize these hazards and their potential impacts on safety-related equipment. The major
steps involved in this analysis are:
1.
2.
3.
4.
5.

Information Gathering and Data Collection
Plant Hazard Locations Definition
Development of Location-Based Hazard Scenarios
Scenario Screening Analysis
Detailed Scenario Analysis

A discussion of the major steps in the spatial interactions analysis is presented below.
The approach used in the fire risk analysis for HIFAR is a progressive screening approach.
Conservative assumptions were made in the preliminary assessment of fire scenario impacts on
the plant to screen out locations that have a relatively insignificant impact on plant safety. In the
detailed fire analysis of the unscreened locations, conservatism introduced in the earlier phase
was then reduced and more realistic fire growth, propagation, and impact on the plant were
considered.
In the preliminary spatial interactions analysis, it was conservatively assumed that, regardless of
the initial fire severity, the amount of combustibles available, and the spatial separation between
the fire sources and target, a scenario developed for each fire location would damage all plant
components located in that fire location. For example, a fire initiated in the APR was assumed to
damage and fail all of the equipment and the components that are located in the area, and a fire,
due to any fire source, in the Rig Diesel Room was also assumed to damage and fail all of the
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equipment in the room. If this assumption turns out to have a significant impact on plant risk,
then a more realistic fire growth and propagation model within the location will be considered in
the detailed analysis of the fire scenario. This will take into account the amount of combustibles
available and the spatial separation between the fire sources and target.
In the RCB, the assumption that a fire in the RCB basement will damage every component in the
RCB will be overly conservative and will have a significant impact on plant risk. Therefore, a
detailed analysis of fires in the RCB was performed to take into account the types of fire ignition
sources, combustibles present in the vicinity of a fire source, the spatial separation between the
fire source and combustibles in the vicinity, and the spatial separation between the fire source
and other components in the vicinity.
The following are assumptions, simplifications, and basis for the HIFAR internal fire analysis:
•

The analysis assessed the risk of fuel damage (in core, in fuel storage facility, and during
fuel handling) induced by fire and smoke damage in all of the plant locations in the
HIFAR area and fuel storage facility inside and outside of the HIFAR area.

•

The current results and plant-specific data collected and analyzed reflect the plant
configuration as of October 1,1996.

•

The analysis considered events initiated by faults from electrical and mechanical plant
components. Events initiated by sabotage or arson were not considered.

•

The fire occurrence frequency method used in the study is a component-based approach.

•

The term "location" is defined as a designated plant space in this analysis and it can be a
room, a compartment, a collection of compartments, or a well-defined open space. With
the exception of the RCB, Building 4 and the APR, a fire location in this analysis is a
location surrounded by at least a 2-hour rated fire barrier (door, wall, or penetration seal).

•

One or more scenarios can be developed from a fire location. A scenario is used to
describe the progress of a unique fire mishap, where the scenario is defined as originating
in a specific plant location, and ignition source, a list of combustible loadings, critical
components, location-specific features that may interfere with fire growth or its control,
potential plant impact from the fire, and possible operator recovery actions to prevent
core damage.

•

Both localized scenarios and realistic propagation scenarios were evaluated.

•

In the preliminary spatial interactions analysis, regardless of the initial fire severity, the
amount of combustibles available, and the spatial separation between the fire sources and
target, a scenario developed for each fire location was conservatively assumed to damage
all plant components located in that fire location. This type of scenario is generally
referred to as a location scenario. This assumption is conservative for many scenarios;
however, it allows the fire locations that have insignificant plant risk associated with fire
and smoke hazards to be screened from the analysis at an early phase of the project.
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•

The location and amount of potential fire sources and combustibles (both in-situ and
transient) affecting each location scenario were identified during the plant walkdowns
and from relevant plant documents and drawings.

•

Cable fires were assumed to give negligible contribution to fire risk due to the extensive
use of the MIMS cables in the plant locations analyzed. Due to the relatively small
amount of PVC cables in the plant locations analyzed, the cable fire frequency for the
PVC cables in HIFAR, after scaling down from the cable fire frequency of a typical
nuclear power plant by the ratio of the amount of PVC cables in HIFAR versus that of a
typical nuclear power plant like Beaver Valley, may be orders of magnitude lower than
that for a typical nuclear power plant. PVC cables in the control room were accounted
for by the control room fire frequency.

•

The fire frequency associated with each key plant component category was obtained from
U.S. nuclear industry experience and actual HIFAR plant experience using a two-stage
Bayesian update technique.

•

In transforming the generic U.S. fire frequency for each component type at the plant level
to the fire frequency per unit component, the component populations of Beaver Valley
Unit 1 were used in the frequency transformation process.

•

In the detailed analysis phase, for each location scenario that survived the preliminary
qualitative and quantitative screening analysis, subscenarios were developed to account
for the risk impact of each ignition source and combustible loadings (both in-situ and
transient) prescribed by the scenario. A more realistic modeling of fire propagation was
considered in the analysis.

•

Automatic fire detection systems and fire suppression systems were assumed to be
installed per design specifications. Fire detectors were assumed to be able to detect fire
signatures at their location per design specifications. Fire suppression systems were
assumed to be sized to effectively mitigate a maximum size fire at that location.

6.1.1 Information Gathering and Data Collection
In the first step, the information sources reviewed include site and plant general arrangement
drawings, general cable routing drawings, relevant sections of the HIFAR Safety Document and
Descriptive Manual, plant record of fire incidents, and documents related to fire analysis such as
the Fire Hazard-Safety Assessment HIFAR Reactor Buildings (Reference 6.1-2). The types of
information collected are plant layout, buildings and rooms containing safety-related equipment,
location and function of safety-related equipment, hazard sources, etc. The relevant information
collected is then summarized and stored in a database, which can be easily retrieved and
processed. A plant walkdown was conducted to:
•

Examine all of the critical plant locations in order to get good perspective of the actual
equipment layout.

•

Confirm and update the data and information collected from information sources
mentioned above.
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•

Observe the plant conditions and activities that may affect the frequency of a hazard such
as a fire, and the potential for propagation.

•

Determine the amount of transient combustibles that may be present, and to note any
observations and information that are relevant to the spatial interactions analysis.

The internal hazards evaluated for this analysis are fires, flooding, and explosions. Internal
hazards commonly found in association with power reactors such as steam spray from high
pressure lines, missiles from fast rotating equipment such as a turbine-driven pump, and
hydrogen line fires are not present in the HIFAR buildings of interest.
6.1.2 Plant Hazard Locations Definition
The scenario-based hazard risk analysis is a top-down approach to evaluate all of the locations
within the HIFAR complex. For this analysis, only those structures and buildings containing
equipment and components required for the safe operation of HIFAR were evaluated. Those
buildings that do not house safety-related equipment but contain a significant amount of
combustible loadings that, if ignited, will pose a threat to those buildings that contain
safety-related equipment, were also considered in the analysis. Based on these screening criteria,
the buildings that were considered for further analysis are provided in Table 6.1-1. To
systematically evaluate all of the locations in the buildings relevant to this analysis, the buildings
are divided up into areas. For this analysis, the areas are referred to as hazard locations/areas.
Some of these locations are rooms within a building (for example, rooms Al through A3 in
Building 70) while others are general areas within a building with no well defined walls
surrounding them (for example, the various levels in the RCB). Table 6.1-2 lists the hazard
locations/areas defined for this analysis. Room C2 of Building 70 was not analyzed further since
it contains electrical equipment such as inverters that are not required for the operation or
accident mitigation of HIFAR. Moreover, the electrical equipment in that room is currently not
energized.
Table 6.1-3 summaries the types of hazards considered to be potentially important in each of the
hazard locations defined for this analysis. Sources of fire are present in all of the locations
defined for this study. Credible flood sources are those fluid systems with large fluid inventory
and piping that supports large break sizes. The only credible flooding scenarios associated with
the buildings and structures of interest (Table 6.1-1) are those postulated for the pump house and
the basement of the RCB. The flood source in these two locations is a break in the piping of the
secondary cooling water system. A flood event in the RCB basement due to a pipe rupture is not
expected to fill the whole RCB basement with water since the operators are expected to trip the
secondary cooling water pumps after detecting the flooding event directly or through a restricted
trip event due to the low flow of light water at the tower. Other potential flood sources do not
have the capacity (inventory and/or piping sizes) to cause significant flooding in the areas of
interest.
6.1.3 Development of Location-Based Hazard Scenarios
To systematically investigate the risk to plant operations induced by an internal hazard such as
fire or flood within a hazard location and propagation of hazard between locations, one or more
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scenarios were developed for each hazard location defined in Step 2 of this analysis. Each
scenario developed is specified by the frequency of occurrence and the impact on the plant. This
step of the analysis consists essentially of two parts: (1) location hazard scenario development
and (2) location hazard scenario occurrence frequency assessment.
6.1.3.1 Location Hazard Scenario Definition
In general, two types of scenarios are developed from each hazard location: a localized hazard
scenario and one or more propagation scenarios.
•

A localized hazard scenario involves a hazard such as fire originating within a location
and is assumed to be contained within the hazard location.

•

A propagation hazard scenario involves a hazard originating in a location and
subsequently propagating to its adjacent hazard location(s) via propagation path(s). A
propagation hazard scenario developed for a location usually results in a more severe
plant impact than a localized scenario developed for the same location because of the
possibility of impacting more plant equipment and systems. However, a propagation
scenario requires a higher hazard severity and in the case of fire, a longer fire growth time
and, therefore, has a lower occurrence frequency, compared to a localized scenario
developed for the same hazard location.

A propagation pathway for fire can be a door or any permanent opening, separating the hazard
locations. In the case of flooding scenarios, flood water propagates through door gaps and from
a higher to a lower elevation in a building through stairways, etc. For the HIFAR complex,
buildings and structures of interest are mostly single story buildings. The exception to this are
the RCB and Building 73. Propagation pathways between hazard locations were identified from
the plant layout drawings and during the plant walkdown.
In principle, there can be potentially a very large number of propagation scenarios developed
from an initial hazard location without consideration of the effects of fire suppression,
combustible loading inventories, and the credibility of pathways between the locations for fire
scenarios, and in the case of flooding, the flood source inventory and the flood mitigation
features present in the location where the flooding originates. In practice, propagation scenarios
are developed only between adjacent hazard locations that have a credible propagation pathway
and the initial hazard location having the potential to sustain a fire of sufficient severity to grow
and propagate to its adjacent locations or having a flood source of sufficient capacity to affect
other locations.
Credible propagation pathways includes permanent opening(s) and unrated fire barriers between
fire locations. If the fire barrier between the fire hazard locations are rated (e.g., 3-hour fire wall)
and there is insufficient combustible loading in the initial fire location to sustain a severe fire,
then it is very unlikely for the propagation of fire from the initial fire location to its adjacent
location(s) to occur. Another factor that was considered in the evaluation of potential
propagation paths between fire locations is the likelihood of fire suppression, manual or
automatic, before fire in the initial fire location can grow and spread to its adjacent location(s).
The above criteria were used to determine whether propagation of fire from one location to
another is credible. A plant walkdown was also conducted to verify the credibility of fire

\D1ST\REPORT\SECT 6.DOC.01/I5/98

6.1-5

propagation. For example, the rooms in Building 70 are separated by concrete walls whose
ratings are at least 3 hours. A fire involving the diesel generator room Al or Bl may be severe
enough to result in propagation of fire to the adjacent room if the fire is left to burn with no
intervention by plant personnel. However, a more realistic scenario is the actuation of the diesel
generator room deluge system by plant personnel in response to a fire in the diesel generator
room within minutes of the initiation of the fire.
The battery room door in the APR will prevent propagation of a fire initiated in the APR general
area to the battery room. The closest fire source to the battery room door are the rectifiers for the
motor-generator sets (about 1.5m from the door), which if ignited, will not have a fire severity
large enough to propagate into the battery room. Although the different levels in the RCB are
connected by open areas, propagation of fire from one hazafd location to another is not likely
(Reference 6.1-2). In the RCB basement area, propagation of fire from one distribution board to
another was determined to be not credible because of the following reasons: (1) all of the
distribution boards are covered and in metal cabinets, (2) the amount of combustibles in each of
the distribution board cabinets is limited, and (3) there is spatial separation between the
distribution boards. In addition, distribution boards that are close to each other are associated
with the same safety train. Spread of smoke in the RCB from a fire source is however, a concern
in that it impacts the evacuation of the RCB, the response of fire fighters, and the ability of the
operators to control and/or shutdown the reactor. The impact of smoke is considered in the
analysis of the fire scenarios in the RCB.
In the control room fire risk analysis, propagation of fire between panels was postulated. For
example, a fire originating in any of the adjacent panels 3 through 7 was assumed to propagate to
all of the other panels in this group. It was conservatively assumed that the likelihood of
propagation of fire from one of the panels to the rest of the panels in this group is 1.0.
In general, a scenario can be defined for each hazard source in a hazard location. This approach
will result in a prohibitively large number of hazard scenarios and most of which either do not
have any risk impact or have relatively insignificant risk impact on the plant in terms of
equipment affected and/or the frequency of occurrence of the hazard scenarios. For this study,
only hazard scenarios that have a relatively significant impact on safe plant operation and/or
accident mitigation functions based on equipment affected and/or the frequency of occurrence of
the hazard, are defined and analyzed.
The assessment of the hazard scenario occurrence frequencies is discussed in the section that
follows.
6.1.3.2 Location Hazard Scenario Occurrence Frequency Assessment
The two types of hazards identified in the previous section as potentially important contributors
to plant risk are the fire and flood scenarios. The significant potential flood sources identified in
Section 6.1.2 are secondary cooling system pipe breaks in the pump house and in the RCB
basement. The frequencies of the pipe breaks and leaks are evaluated in Appendix F.
Table 6.1-4 shows the frequencies of the flooding scenarios in the pump house and the RCB
basement taken from Table F-6.
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The frequency of fire occurrence for different ignition sources was assessed using a
component-based approach and a two-stage Bayesian technique (Reference 6.1-3). Both generic
nuclear industry experience and actual data from HIFAR were used in the frequency assessment.
Appendix B.I provides the details of the component-based fire occurrence frequency assessment.
A summary of the approach used in the assessment of the fire occurrence frequency is presented
in this section.
The assessment of the fire occurrence frequency consists of the following steps:
1. Fire Event Categorization
2. Fire Event Specialization
3. Two-Stage Bayesian Frequency Update
In the first step of the component-based approach, nuclear industry fire events are categorized
into the following component type categories:
•
•
•
•
•
•
•
•
•
•
•
•

Batteries
Battery Chargers (includes Inverters)
Control Room
Diesel Generators
Heating, Ventilating, and Air Conditioning (includes Heaters, Fans, Chillers, and Filters)
Logic Cabinets (includes Relays, Fuses, Panels, and Switches)
Motors (includes MOVs, Motor-Generator Sets, Starter, and Strainer Motors)
Motor Control Centers (includes Distribution Boards)
Power and Control Cables
Pumps and Air Compressors (include the Motor Unit of Pumps)
Switchgear (includes Circuit Breakers and Buses)
Transformers above 4 kV

Nuclear industry fire events associated with components not found in the HIFAR plant are not
included in the assessment. However, fire events associated with transient combustibles were
assigned to the compartment categories listed above if the events impacted the components
belonging to the respective categories. As shown above, control room is called out as a
component type/ category because of the potential impact of a fire in the control room on the
plant. This category contains all fire events associated with the control room in nuclear power
plants.
In the second step of the assessment, the fire events were reviewed for their applicability to the
HIFAR plant. A fire event is considered to be applicable to the HIFAR plant if a similar incident
could occur at the plant. Each of the applicable fire events are then uniquely categorized into
one of the component or area categories according to equipment types and functionality
explained above. The resulting database is referred to as the "specialized" generic fire events
database for the HIFAR plant. The specialized component-based generic event database
provides the basis for the industry experience input to the hazard frequency analysis.
In the final step of the fire occurrence frequency assessment, a two-stage Bayesian analysis was
performed to combine the industry data with actual experience at the HIFAR plant. The
two-stage Bayesian technique provides a better consideration of the uncertainties associated with
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the frequency assessment processes because it takes into account the plant-to-plant variability.
The Data Analysis module in RISKMAN was used to perform the two-stage update process.
The fire occurrence frequencies derived from the first stage of the two-stage Bayesian analysis
using the specialized nuclear industry database is on a plant-wide basis; that is, the frequency of
a component category is the total fire frequency of that component category or type from all
locations of interest within a nuclear power plant. This is known as the "prior" fire occurrence
frequency. Since the population of some of the component types in HIFAR differs greatly from
that of a nuclear power plant, the frequency of a component category for a nuclear power plant
will also be different from that for HIFAR. To account for the difference in the population of
components in each component type, the prior fire frequency for each component type was first
scaled down to a value for a single component unit of the type. The frequency for the single unit
of a component type is then updated (second stage of the two-stage Bayesian analysis) with the
actual HIFAR experience. The resulting fire occurrence frequency is the HIFAR-specific fire
occurrence frequency for a single unit of the component type. The scaling of the control room
fire was done based on the number of electrical panels and cabinets in the control room of a
nuclear power plant, since these are the fire sources in the control room. The fire occurrence
frequency per control room electrical panel/cabinet was then updated with the HIFAR experience
to obtain the HIFAR control room panel/cabinet fire occurrence frequency. The scaling of the
prior fire occurrence frequencies to those of a single component is based on the population of
components in each component category/type in a typical nuclear power plant. For this analysis,
a typical nuclear power plant is represented by the Beaver Valley Power Station Unit 1
(Reference 6-4), which is a Westinghouse, three-loop PWR. In addition to the scaling of the
control room fire frequency, the impact of the antiquity of the control room panels/cabinets is
also factored into the estimation of the fire occurrence frequency. This is discussed in
Appendix B.
The fire occurrence frequency at a plant is very dependent on the actual experience in the plant.
There are two key factors that determine the fire occurrence frequency in the plant or a location
in the plant:
1. Plant experience in terms of fire events that have occurred in the plant.
2. Plant operating experience in terms of component (ignition source) years.
Based on the Bayesian technique in updating the plant-specific fire occurrence frequency, if the
plant has a lot of experience in terms of the above factors, the updated fire occurrence frequency
will be driven by the plant data. If the plant has relatively little experience, the updated
frequency will be dominated by the industry experience. To illustrate the impact of an increase
in the number of potential fire ignition sources on the corresponding fire occurrence frequency,
consider the following example: suppose the updated fire occurrence frequency associated with
pumps at the plant is due to "x" number of pump fire events and "N" number of pump years of
experience. An increase in the number of pump years (denominator) with no increase in the
number of fire events (numerator) will result in a slightly lower fire occurrence frequency
associated with the pump. Conversely, an increase in the number of pump fire events with no
significant increase in the number of pump years will result in an increase in the fire occurrence
frequency. Therefore, an increase in the number of potential fire sources (which must be
factored into the fire occurrence frequency calculation) does not necessarily result in an increase
in the fire occurrence frequency for that source type, and it may even decrease the overall fire
occurrence frequency for that fire source type. An increase in the transient fire loads that are not
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fire ignition sources (for example, transient combustibles such as paper products, etc.) in a
location will have no impact on the fire ignition frequency for that location. The transient fire
loads, however, will impact the severity of a fire at that location.
Another factor that will influence the plant-specific fire initiating event frequency in a location
due to the introduction of transient fire sources into the location is the fraction of time the fire
sources reside in the location. If a piece of equipment, assumed to be a potential fire source, is
brought into the RCB, for example, and the equipment resides in the RCB for only 3 weeks out
of a year. This amount of time must be factored into the calculation of the fire occurrence
frequency associated with the equipment or type of equipment. Once the fire frequency of the
equipment or equipment type has been determined, the fire frequency of the equipment type
must then be apportioned to that particular piece of equipment based on the fraction of time that
equipment resides in the RCB. In the HIFAR fire analysis, the transient experimental equipment
were not factored into the fire frequency assessment. However, fire events associated with the
transient experimental equipment (if any) would have been included in the plant-specific fire
occurrence frequency. As illustrated above, the exclusion of transient experimental equipment
do not have an optimistic impact on the results of the fire frequency assessment.
Table 6.1-5 shows the results of the fire occurrence frequency analysis for a single component
unit of each component type or category.

6.1.4 Scenario Screening Analysis
It was pointed out in Section 6.1.3.1 that a scenario can be defined for each hazard source in a
hazard location with a frequency equal to the occurrence frequency of the hazard source shown
in Table 6.1-3. In this analysis, instead of defining all of the possible fire scenarios for
evaluation, a preliminary qualitative screening of the fire hazard sources (thus, corresponding
postulated fire scenarios) was first performed based on established screening criteria. Those fire
scenarios that survive the qualitative screening were then subjected to a quantitative screening
analysis, and those that are not screened out at this stage will be subjected to a detailed analysis
as described in Section 6.1.5. It must be pointed out that at this stage of the analysis, it is
assumed that the impact of the fire scenario on the plant is the worst case impact. Any fire
scenario that is screened from further analysis is indeed not important with respect to risk.
The flooding scenarios identified in this analysis were subjected only to a quantitative screening
analysis.

6.1.4.1 Preliminary Qualitative Screening Analysis
Each of the fire hazard sources identified in the earlier stages, when ignited, has an impact on the
plant. The qualitative screening analysis will reduce the number of fire scenarios to be
quantitatively evaluated later. In the qualitative screening analysis, a fire scenario is screened
from further analysis if it meets at least one of the following criteria:
1. The fire scenario affects equipment that is not critical to accident mitigation modeled in
the PSA.
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2. The fire scenario causes PSA equipment failure or system unavailability but with a
relatively lower frequency than that due to other causes.
3. The fire scenario causes equipment failure that results in a reactor trip but with a
relatively lower frequency than that due to other causes.
4. The fire scenario causes a loss of offsite power but with a relatively lower frequency than
that due to other causes.
In screening the fire sources, it is assumed that there is no propagation of fire from one electrical
distribution board to another within the same fire area. This assumption is reasonable since
distribution boards are in closed metal cabinets and the fire severity associated with the boards is
small.
In this analysis, it is assumed that a fire occurring in any of the buildings or locations analyzed
will result in a plant shutdown. This is conservative because the plant will only be shut down if
a fire occurs in any of the locations in the HIFAR area specified in the HIFAR Incident
Instructions NH 203 and NH 204: Buildings 24,29, 70, 73, Substation No. 1, Auxiliary Plant
Room, Emergency Control Room, Rig Diesel Room, and the Reactor Control Building. In
addition to a plant shutdown, the other impacts of a fire source (in particular, a distribution board
or an electrical busbar) were determined by reviewing the loads of the distribution board. If all
of the equipment/components served by the distribution board are not safety related or are not
required for accident mitigation, and therefore, not included in the PSA event tree and system
models, then it is assumed that the only impact of the distribution board fire on the plant is a
plant shutdown. A pump fire on the other hand will result in the pump failure, cause a plant
shutdown and, if the fire is severe, may potentially impact other equipment in its vicinity. The
results of the evaluation of the impacts of a fire source is documented in Appendix B.2.
For example, a fire in the Transformer 2 room of Substation No. 1 would cause a plant shutdown
and would have a negligible impact on safety-related equipment or equipment required for
accident mitigation considered in the plant model. And since the frequency of the fire is very
much less than the frequency of a plant shutdown due to other causes, the risk impact of this fire
will be relatively insignificant, and thus the fire scenario is screened from further analysis.
Table 6.1-6 shows the results of the preliminary qualitative fire scenario screening analysis. The
fire scenarios that survive the qualitative screening analysis will then be subjected to the
quantitative screening analysis presented in the next section.
A potential source of fire associated with the vehicle airlock (VAL) is a diesel truck or any
vehicle that enters the RCB through the VAL during the movement of fuel elements or flasks in
and out of the RCB. A noncollision initiated vehicle fire postulated here is only credible if there
is a significant amount of fuel leaking from the vehicle and the presence of an ignition source.
The ignition source in this situation could be the vehicle hot exhaust manifold or pipes and/or
sparks due to arcing in the vehicle engine compartment. Significant fuel leakage from a vehicle
inside the RCB is very unlikely since the vehicle is inspected for fuel leaks prior to entering the
VAL. The vehicle inspection is a required administrative action in the HIFAR fire protection
program. Experience suggests that a noncollision initiated vehicle fire is a very rare event.
There are no statistics available for such events, and there are no data available to estimate the
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probability of a noncollision initiated vehicle fire while a vehicle is in operation. However,
estimation of an upper bound value for the probability of a noncollision initiated vehicle fire can
be made based on vehicle accident rates. The accident rate for trucks in California
(Reference 6.1-5) in 1981 was estimated to be 1.4E-06 per vehicle mile traveled, and less than
1% of the accidents resulted in a vehicle fire. Assuming that the average speed of a vehicle on
the road is 45 miles per hour, the accident rate for trucks in California that resulted in a vehicle
fire will be 6.3E-07 per hour of vehicle travel or operating time.
The number of vehicle entries into the RCB for moving fuel elements and flasks in and out of the
RCB is about 450 per year. The vehicle engine will be running only for a short period of time, a
total of about 2 minutes each time, as it moves in and out of the VAL or RCB. Total vehicle
operation time inside the VAL or RCB per year will be approximately 15 hours. Based on the
above estimated rate for vehicle accidents that resulted in a fire, the upper bound frequency of
noncollision initiated vehicle fire in the VAL or RCB is 6.3E-06 per year. The frequency of
noncollision initiated vehicle fire in the VAL or RCB should be much lower than this estimated
upper bound value because noncollision initiated vehicle fire is a much more infrequent event
than a vehicle fire resulting from an accident. The risk associated with vehicle fires in the RCB
is therefore insignificant and is screened from further analysis.

6.1.4.2 Preliminary Quantitative Screening Analysis
In this step of the analysis, the location fire scenarios and flooding scenarios were screened based
on their relative importance to plant risk.. For this analysis, a set of conservative screening
criteria was used to ensure that the fire scenarios that are screened from further analyses, are, in
fact, relatively risk insignificant to plant operation. The first screening criterion is a core damage
frequency screening value of 1.0E-07 per year, which is 0.02% of the HIFAR safety criteria for
core damage frequency. The second screening criterion used in this analysis is a tritium release
frequency screening value of 1 .OE-05 per year which is 0.1 % of the HIFAR safety criteria for
tritium release frequency. Fire or flood scenarios whose contributions to core damage frequency
and the tritium release frequency are less than the respective screening values are considered to
be unimportant with respect to risk to plant operation and are screened from further analysis
Quantification of the contribution to core damage frequency and tritium release frequency from a
fire scenario was performed using the HIFAR general transient event tree models. The
information required in this quantification are the fire or flood initiator frequency and the impact
of the fire or flood initiator on the plant in terms of failed top events in the event tree models.
The information were input into the event tree models via the Event Tree Analysis module of
RISKMAN.
The initiator frequencies used for the quantification of the flooding scenarios are those for pipe
leaks instead of a pipe rupture (see Table 6.1-4); however, the impact of the scenario assumed is
that for a pipe rupture event. This assumption is conservative because a pipe leak event may not
fail the source of the leak (in this case, the secondary cooling water system), but a pipe rupture
event would fail the system, in addition to other equipment in the vicinity of the flood source.
In the preliminary quantitative screening analysis, it is conservatively assumed that all the
safety-related equipment or equipment considered in the plant model are disabled by a fire in that
location, irregardless of the severity of that fire. Table 6.1-6 shows the top event(s) impacted by
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a fire in the various locations analyzed, and Table 6.1-7 shows the results of the quantitative
screening analysis. The scenario ID in the Table 6.1-7 defines a specific set of plant impacts in
terms of the failed top events; the conditional core damage frequency (CCDF) is the contribution
to core damage frequency given that the fire has occurred in the location (that is, with a
frequency of 1.0 per year) with the specified top event impact(s). The CDF contribution from a
fire scenario is determined by multiplying the scenario frequency with the conditional CDF for
that fire scenario.
Scenarios whose contributions to the CDF and tritium release frequency that are much higher
than the screening criteria values will be subjected to a detailed scenario analysis.
6.1.5 Detailed Scenario Analysis
In the preliminary quantitative screening analysis, several conservative assumptions were made
to screen out the relatively risk-insignificant hazard locations, fire zones, or fire scenarios. For
instance, it is assumed that all components within a fire zone are disabled by any fire occurring
in the fire zone regardless of the location and severity of the fire. All of the top events associated
with the components are assumed to be completely failed.
In the detailed scenario analysis phase, the conservative assumptions made in the earlier
screening analysis were revisited. The detailed fire scenario analysis involves the modeling of
more realistic scenario frequency and plant impact due to the fire. The analysis also includes,
but is not limited to, the development of subscenarios in place of the original fire scenario
developed for each of the fire zones and locations analyzed. Each subscenario accounts for an
individual fire source (or group of fire sources) within a fire zone that can cause a distinct set of
components to be damaged. By definition, the frequency of each subscenario associated with a
fire zone/location is less than the frequency of the fire scenario originally defined for the fire
zone/location
From the results of the quantitative screening analysis as presented in Table 6.1-7, there are six
hazard locations or fire scenarios that were not screened from the detailed scenario analysis:
•
•
•
•
•
•
•
•

General Area in the RCB Basement (RCB-LA)
D2O Plant Room (RCB-D2O)
Reactor Control Room (RCB-CR)
Room C1 in Building 70 (B70-C1)
Air Compressor Room in the Boiler House/Building 4 (B4-AIR)
Boiler House/Building 4 Switchboard Room (B4-SB)
Substation No. 1 General Area
Transformer No. 1 Room in Substation No. 1

Although not screened from the detailed analysis phase, the CDFs and tritium release frequencies
for fire scenarios initiated in Room Cl in Building 70, in the air compressor room of Building 4,
in the Substation No. 1 general area, and in the Transformer No. 1 room in Substation No. 1 are
relatively low and a detailed analysis was not performed for these fire scenarios. The following
sections discuss the detailed analysis of fire scenarios initiated in the remaining hazard locations.
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6.1.5.1 Reactor Control Building Basement (Fire Zone RCB-LA)
Two subscenarios, as described below, were developed for fire zone RCB-LA. They involve
fires starting in one logic cabinet or MCC that damage other cabinets nearby. These
subscenarios are treated in a conservative manner, since it is not believed that logic cabinet and
MCC fires will propagate outside of their enclosures.
•

Fire Subscenario FIRE1A. This subscenario represents a fire that is initiated by either
panel P25 or MCC #5 in the RCB basement (Level A) and damages both panel P25 and
MCC #5. This fire is assumed to fail the train A ECCS signal and also to cause a
spurious Level 2 signal, tripping the main D2O pumps and shutdown D2O pumps and
failing the power supply to the. train A shutdown D2O pump.
The fire frequency for this subscenario is the logic cabinet fire frequency plus the MCC
fire frequency and is equal to 3.08E-03.

•

Fire Subscenario FIRE IB. This subscenario represents a fire that is initiated by either
panel P22, P23, or MCC #3 in the RCB basement (Level A) and damages all three
cabinets (P22, P23, and MCC #3). This fire is assumed to fail the train B ECCS signal
and also to cause a spurious Level 2 signal, tripping the main D2O pumps and shutdown
D2O pumps and failing the power supply to the train B shutdown D2O pump.
The fire frequency for this subscenario is two times the logic cabinet fire frequency plus
the MCC fire frequency and is equal to 6.04E-03.

6.1.5.2 Reactor Control Building Control Room (Fire Zone RCB-CR)
A subscenario was defined for a fire starting in each of the nine panels in the control room, as
described below. Several of the panels in the control room have no impact on the risk model and
are indicated as such. A localized subscenario, involving only the fire initiating panel, was
quantified for each of the panels having some impact on the risk model. One other subscenario
was defined for a fire starting in any one of the five panels along the back of the control room
and propagating to the other four panels.
Fires in the control room are assumed to impact all operator actions that are performed in the
control room. All control room fires are therefore assumed to fail the makeup from liquid level
pumps (Top Event LLP). Also, the shortest available time is assumed for the operator action to
initiate RAT flooding (split fraction ORF4 for Top Event ORF).
Panels 1,2, 8, and 9 at the sides of the control room are closed at the back and are physically
separated from the other five panels. If a fire initiated in one of the control room panels is left
unattended or no operator actions in suppressing the fire is assumed, then the fire spread will not
be limited to just the adjacent panels. However, implicit in determining the credibility of fire
spread from one panel to another in this analysis is the assumption that the operators will
manually suppress the fire using portable fire extinguishers once the fire is detected. It is
therefore reasonable to assume (based on the location and construction of the control room
panels and the fact that the control room is manned all the time) that fire initiated in panels 1 or 2
will not spread to the other panel, to panels 3 through 7 at the back wall of the control room, and
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to panels 8 and 9 located across the control room from panels 1 and 2. The assumption is also
true for a fire initiated in panel 8 or 9. Similarly, fire initiated in panel 3,4, 5, 6, or 7 located at
the back wall of the control room is also assumed not to spread to panels 1,2, 8, and 9.
However, if a fire initiated in any of the panels 3 through 7 is severe enough then it is assumed to
propagate to all the other panels at the back wall of the control room since the back of these
adjacent panels are open.
The control room fire frequency, estimated in Section 6.1.3.2, is equal to the sum of the fire
occurrence frequencies for the nine panels/cabinets in the control room. The fire occurrence
frequency for each panel in the control room is therefore equal to 1/9 of the control room fire
frequency, which is 2.00E-03 per year.
•

Fire Subscenario FIREP1. This subscenario represents a fire that is initiated in panel 1.
This fire is assumed to fail the coarse control arms (Top Event CCA).
The fire frequency for this subscenario is 1/9 of the control room fire frequency and is
equal to 2.22E-04.

•

Fire Subscenario FIRP1 A. This subscenario represents a fire that is initiated in panel 1
with a concurrent failure during operation of one of the two running main D2O pumps.
The running failures of the main D2O pumps are not modeled explicitly in the HIFAR
plant model, only failures of the support systems for the pumps. This subscenario
accounts for the failure of the pumps during a 24-hour period following the fire initiating
event. The failure rate of one of two pumps during 24 hours is 1.39E-03. This fire is
assumed to fail the coarse control arms and includes failure of the main D2O pumps.
The fire frequency for this subscenario is 1/9 of the control room fire frequency
(2.22E-04) times the failure frequency of the main D2O pumps (1.39E-03) and is equal to
3.09E-07.

•

Fire Subscenario FIREP2. This subscenario represents a fire that is initiated in panel 2.
This fire is assumed to fail the containment isolation and the SAVS.
The fire frequency for this subscenario is 1/9 of the control room fire frequency and is
equal to 2.22E-04.

•

Fire Subscenario FIREP3. This subscenario represents a fire that is initiated in panel 3.
This fire is assumed to fail the space conditioning system and panel N.
The fire frequency for this subscenario is 1/9 of the control room fire frequency and is
equal to 2.22E-04.

•

Fire Subscenario FIREP4. This subscenario represents a fire that is initiated in panel 4.
There is no risk model impact from panel 4.

•

Fire Subscenario FIREP5. This subscenario represents a fire that is initiated in panel 5.
This fire is assumed to fail the liquid level pump makeup supply (Top Event LLP).
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The fire frequency for this subscenario is 1/9 of the control room fire frequency and is
equal to 2.22E-04.
•

Fire Subscenario FIREP6. This subscenario represents a fire that is initiated in panel 6.
This fire is assumed to fail the main D2O pumps and the H2O system (Top Event H2O).
The fire in panel 6 would have to cause a hot short in the MOV control circuits of the
H2O valves to cause them to go closed and fail H2O. This impact is conservatively
assumed for this subscenario.
The fire frequency for this subscenario is 1/9 of the control room fire frequency and is
equal to 2.22E-04.

•

Fire Subscenario FIREP7. This subscenario represents a fire that is initiated in panel 7.
This fire is assumed to fail diesel generator A and diesel generator B.
The fire frequency for this subscenario is 1/9 of the control room fire frequency and is
equal to 2.22E-04.

•

Fire Subscenario FIREP8. This subscenario represents a fire that is initiated in panel 8.
There is no risk model impact from panel 8.

•

Fire Subscenario FIREP9. This subscenario represents a fire that is initiated in panel 9.
There is no risk model impact from panel 9.

•

Fire Subscenario FIREPA. This subscenario represents a fire that is initiated in
panel 3,4, 5, 6, or 7, and propagates to all five panels. This fire is assumed to fail all of
the equipment mentioned above for the individual panels.
The fire frequency for this subscenario is 5/9 of the control room fire frequency times an
assumed severity factor of 0.1 (1/10 of panel fires are conservatively assumed to
propagate to other panels) and is equal to 1.11E-04.

6.1.5.3 Building 70, Room C1 (Fire Zone B70-C1)
The location scenario defined for fire zone B70-C1 was only slightly above the cutoff values for
quantitative screening and no detailed subscenarios were defined for this fire zone. The location
scenario is described below. This is a conservative scenario since the frequency does not include
a severity factor to account for the fraction of fires large enough to impact both trains of line
supply that are on opposite sides of the room, approximately 1.5m apart.
•

Location Scenario FIRE17. This scenario represents a fire that is initiated in room Cl
of Building 70. This fire is conservatively assumed to fail all of the equipment in the fire
zone (Top Events LSA and LSB).
The fire frequency for this scenario is the total fire frequency for the fire zone and is
equal to 9.42E-03.
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6.1.5.4 Building 4, Air Compressor Room (Fire Zone B4-AIR)
The location scenario defined for fire zone B4-AIR was only slightly above the CDF cutoff value
for quantitative screening and no detailed subscenarios were defined for this fire zone. The
location scenario is described below. This is a conservative scenario since the frequency does
not include a severity factor to account for the fraction of fires large enough to impact all
equipment in the room.
•

Location Scenario FIRE18. This scenario represents a fire that is initiated in the air
compressor room of Building 4. This fire is conservatively assumed to fail all of the
equipment in the fire zone (Top Events CPA and SUB2).
The fire frequency for this subscenario is the total fire frequency for the fire zone and is
equal to 8.09E-03.

6.1.5.5 Building 4, Switchboard Room (Fire Zone B4-SB)
One subscenario was defined for fire zone B4-SB to model more realistic impacts for this fire.
The location scenario assumed complete failure of Substation No. 2 supply and mains water
system. The actual impact on mains water system from a fire in this fire zone is the same as
failing Substation No. 2 alone.
•

Subscenario FIR19A. This subscenario represents a fire that is initiated in the
switchboard room of Building 4. This fire is assumed to fail the supply from Substation
No. 2 (Top Event SUB2).
The fire frequency for this subscenario is the total fire frequency for the fire zone and is
equal to 1.10E-02.

6.1.5.6 Summary of Detailed Fire Analysis
The results from the detailed fire subscenarios are presented in Table 6.1-8 and include the
contribution to core damage and to tritium release from each of the detailed subscenarios. The
total contributions from all detailed fire subscenarios to core damage and tritium release are also
shown in Table 6.1-8.
6.1.6 Summary of Results
The total contribution to core damage frequency from fires is 2.31E-06 and the total contribution
to tritium release frequency from fires is 1.93E-04, as shown in Table 6.1-9. The total
contribution to core damage frequency from internal floods is 1.06E-09 and the total contribution
to tritium release frequency from internal floods is 1.67E-07, as shown in Table 6.1-10. These
results are for POS-1 through POS-5. The risk impact of fire on HIFAR for POS-6
through POS-13 is discussed in the section below.
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6.1.7 Risk Impact of Fires on Fuel Handling, Transport, and Irradiated Fuel
Storage
The impacts of internal fires discussed above address HIFAR fuel while it is contained in the
RAT; i.e., for POS-1 through POS-5. This section discusses the impacts of fire events on
HIFAR fuel in POS-6 through POS-13; i.e., when the irradiated fuel is not in the RAT. The
handling, transport, and storage of irradiated fuel outside the RAT is considered in these POSs.
Section 4.3 describes the fuel processes represented by these POSs. The risk impact of internal
flooding events was found to be insignificant for POS-1 through POS-5, and no flooding
scenario has been identified to have a significant risk impact on HIFAR fuel in POS-6
through POS-13. Only the risk impacts of fire events in POS-6 through POS-13 are discussed
below.
6.1.7.1 POS-6 Fresh Fuel Handling and Storage
The fresh fuel storage vault in Building 17 is made of reinforced concrete and is not susceptible
to fires. Moreover, no significant fire sources can be found in Building 17. It should also be
noted that the fuel is not irradiated, and the number of fuel elements handled outside the vault at
any one time is not sufficient to yield a critical mass. Therefore, no appreciable release of
radioactive material is possible and the impacts of fires is not considered further for POS-6.
6.1.7.2 POS-7 Irradiated Fuel Element Section of the No. 1 Storage Block
The No. 1 Storage Block contained in the RCB is not susceptible to fires. Cooling for the No. 1
Storage Block requires the operation of the cooling pumps, and the availability of mains water as
the ultimate heat sink. The cooling pumps are located outside the RCB and are susceptible to
fire damage since a running pump is a potential fire source. The frequency of the loss of the
operating cooling pump due to pump fire (1.07E-04 per year) or fire failing the associated
electric power supply (4.81E-03 per year for Building 70 Room A3 or B3) is much less than that
due to hardware failure of 1.8E-01 per year. Moreover, the impact of fire on the availability of
the mains water system is not significant. Therefore, loss of the No. 1 Storage Block cooling
system due to fires events is determined to be of negligible frequency.
6.1.7.3 POS-8 Shearing and Transport via FE Flask and the ST Flask
The transport of irradiated fuel elements from the No. 1 Storage Block to the ST flask, through
the VAL, and to Building 23 are considered in POS-8. While in the RCB, the postulated fire
scenario that will impact the flask is a vehicle fire. In Section 6.1.4.1, it was determined that he
frequency of such a scenario is insignificant. Therefore, the impact of fires for POS-8 is not
considered further. Impact of vehicle accident on the fuel elements during the transportation of
the flasks is covered in Section 5.5.
6.1.7.4 POS-9 Storage and Handling in Building 23
If a fire occurred while the irradiated fuel was still in the ST flask, the impacts would be
minimal. Moreover, there are no significant fire sources that will have a significant impact on
the flask.
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Once offloaded from the ST flask, the irradiated fuel remains underwater in one of the two ponds
in Building 23. The fuel elements underwater will not be susceptible to fire. The impact of fire
on the fuel element for POS-9 is insignificant.
6.1.7.5 POS-10 Loading, Transport from Building 23 to Building 27, and Storage
in Building 27
When the irradiated fuel to be transported is loaded into the general purpose flask for transport to
Building 27, the postulated fire scenario that will impact the flask is a vehicle fire. The
frequency of a vehicle fire has been shown to be insignificant.
Once in Building 27, the GP flask again affords protection against damage from fires. The dry
storage holes are below grade, and therefore also not susceptible to fire damage. Again, no
significant fire sources are found in Building 27. The risk impact of fire for POS-10 is not
considered further.
6.1.7.6 POS-11 Handling and Storage in Building 59 Dounreay Flasks
The Dounreay flasks each contain 25 irradiated fuel elements, which have degraded for many
years. The metal Dounreay flasks provide substantial protection against fires. There are no
significant fire sources in Building 59, and, therefore, the impact of fire on the fuel elements in
Building 59 was judged to be negligible.
During transport of a Dounreay flask from Building 59 to Building 41, the same argument
presented for the risk insignificance of flask transportation in POS-10 holds. Therefore, fire
impacts were not considered further for this POS.
6.1.7.7 POS-12 Storage and Handling in Building 41 Pond
The same argument presented for the risk insignificance of flask transportation in POS-10 still
holds. Once in Building 41, the Dounreay flasks again provide protection against fires.
Moreover, there are no significant fire sources in this building.
Once the irradiated fuel has been removed from the flasks, it will be stored underwater in the
Building 41 pond during the refurbishment of the flasks. There are also some irradiated fuel
elements stored in the Building 41 pond that are not related to Dounreay Flask refurbishing. In
affect, more than four fuel elements are stored in the Building 41 pond all of the time. The fuel
elements underwater will not be susceptible to fire, and the impact of fire on the fuel element for
POS-12 is therefore insignificant.
6.1.7.8 POS-13 Transport to Building 41 and Loading ofLHRL-120 Spent Fuel
Shipping Cask
When the irradiated fuel to be transported is loaded into the general purpose flask for transport to
Building 41, it is judged sufficiently protected from fires. No fuel damage is considered likely.
Again, the same argument presented for the risk insignificance of flask transportation in POS-10
still holds for this POS.
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Once the fuel is offloaded into the pond of Building 41, the fuel elements underwater are not
susceptible to fire.
The LHRL-120 shipping cask is loaded with fuel and lifted to the bottom impact limiter parked
within Building 41. This shipping cask, once sealed underwater, is judged sufficient to protect
the irradiated fuel from fire. No additional risk impacts from fire events then needs to be
considered.
Based on the discussions presented in this section, the risk impact of fire events on the fuel
elements in POS-6 through POS-13 is insignificant.
Table 6.1-11 shows the contributions from fires and floods compared to each of the safety
criteria.
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Table 6.1-1. Buildings Considered for Further Analysis
Reactor Containment Building
Auxiliary Plant Room
Building 70
Substation No. 1
Emergency Control Room
Building 73 - Rig Diesel Room
Building 24 - Pump House
Building 4 - Boiler House
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Table 6.1-2. Hazard Locations Defined for the HIFAR Buildings
Hazard Location
Designator
Reactor Containment RCB-LA
Building
RCB-D2O
RCB-EXP
RCB-LB
RCB-CR
RCB-RSS
RCB-LC
RCB-LD
RCB-VAL
Auxiliary Plant Room APR-1
APR-BR
Building 73
B73-1
B73-2
Emergency Control
ECR-1
Room
ECR-HV
Building 24
B24-PH
Substation No. 1
Sl-1
Sl-TRl
S1-TR2
S1-TR3
S1-TR4
S1-TR5
Building 70
B70-A1
B70-A2
B70-A3
B70-B1
B70-B2
B70-B3
B70-C1
Building 4
B4-AIR
B4-SB

Hazard Location Description

Building
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RCB Basement, General Area
D2O Plant Room
Experimental Plant Room
RCB Operation Level, General Area
Reactor Control Room
RSS Office Area
RCB Mezzanine Level, General Area
RCB 10m Level, General Area
RCB Vehicle Airlock
Auxiliary Plant Room, General Area
Battery Room in the APR
Rig Diesel Room
AUSANS Laboratory, 2nd Storey
Emergency Control Room
ECR HVAC Room
Pump House
Substation No. 1, General Area
Transformer 1 Room in Substation No. 1
Transformer 2 Room in Substation No. 1
Transformer 3 Room in Substation No. 1
Transformer 4 Room in Substation No. 1
Transformer 5 Room in Substation No. 1
Diesel Generator A Room
Train A Battery, Inverter, Rectifier Room
Train A Switchboard Room
Diesel Generator B Room
Train B Battery, Inverter, Rectifier Room
Train B Switchboard Room
Trains A and B Line Supply Distribution Boards
Air Compressor Room
Boiler House Switchboard Room
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Table 6.1-3. Types of Hazards in Each Hazard Location

Hazard
Location
RCB-LA
RCB-D2O
RCB-EXP
RCB-LB
RCB-CR
RCB-RSS
RCB-LC
RCB-LD
RCB-VAL
APR-1
APR-BR
B73-1
B73-2
ECR-1
ECR-HV
B24-PH
Sl-1
Sl-TRl
S1-TR2
S1-TR3
S1-TR4
S1-TR5
B70-A1
B70-A2
B70-A3
B70-B1
B70-B2
B70-B3
B70-C1
B4-AIR
B4-SB

Hazard Location Description
RCB Basement, General Area (including VAL)
D2O Plant Room
Experimental Plant Room
RCB Operation Level, General Area
Reactor Control Room
RSS Office Area
RCB Mezzanine Level, General Area
RCB 10m Level, General Area
Vehicle Airlock
Auxiliary Plant Room, General Area
Battery Room in the APR
Rig Diesel Room
AUSANS Laboratory, 2nd Storey
Emergency Control Room
ECRHVACRoom
Pump House
Substation No. 1, General Area
Transformer 1 Room in Substation No. 1
Transformer 2 Room in Substation No. 1
Transformer 3 Room in Substation No. 1
Transformer 4 Room in Substation No. 1
Transformer 5 Room in Substation No. 1
Diesel Generator A Room
Train A Battery, Inverter, Rectifier Room
Train A Switchboard Room
Diesel Generator B Room
Train B Battery, Inverter, Rectifier Room
Train B Switchboard Room
Trains A and B Line Supply Distribution Boards
Air Compressor Room
Boiler House Switchboard Room
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Types of
Hazards
Fire, Flood
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire, Flood
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire
Fire

Table 6.1-4. Frequency of H2O System Pipe Break and Leak (per Year)
Hazard
Location
RCB-LA
B24-PH

Hazard Location Description

Pipe Leak

Pipe Break

RCB Basement, General Area (including VAL)
Pump House

7.68E-05
1.05E-04

4.44E-06
6.19E-06
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Table 6.1-5. Fire Occurrence Frequency for a Single Unit of Each Component Type
Component Type
Fire Frequency*
Battery
1.34E-03
Battery Charger
3.18E-04
2.00E-03
Control Room
Diesel Generator
4.45E-03
1.86E-05
HVAC
Logic Cabinet
2.96E-03
1.21E-04
MCC
Motor
1.07E-05
Pump
1.07E-04
Switchgear
5.00E-05
Transformer
1.64E-03
*Frequency is per component, per year.
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Table 6.1-6. Qualitative Screening of Fire Zones
Fire Zone

Fire Zone Description

RCB-LA

RCB Basement, General Area

RCB-D2O
RCB-EXP
RCB-LB
RCB-CR
RCB-RSS
RCB-LC
RCB-LD
RCB-VAL
APR-1
APR-BR
B73-1
B73-2
ECR-1
ECR-HV
B24-PH
Sl-1
S1-TR1

D2O Plant Room
Experimental Plant Room
RCB Operation Level, General Area
Reactor Control Room
RSS Office Area
RCB Mezzanine Level, General Area
RCB 10m Level, General Area
Vehicle Air Lock
Auxiliary Plant Room, General Area
Battery Room in the APR
Rig Diesel Room
AUSANS Laboratory, 2nd Story
Emergency Control Room
ECR HVAC Room
Pump House
Substation No. 1, General Area
Transformer No. 1 Room in
Substation No. 1
Transformer No. 2 Room in
Substation No. 1
Transformer No. 3 Room in
Substation No. 1
Transformer No. 4 Room in
Substation No. 1
Transformer No. 5 Room in
Substation No. 1
Diesel Generator A Room
Train A Battery, Inverter, Rectifier
Room
Train A Switchboard Room
Diesel Generator B Room
Train B Battery, Inverter, Rectifier
Room
Train B Switchboard Room
Trains A and B Line Supply
Distribution Boards
Air Compressor Room
Boiler House Switchboard Room

S1-TR2
S1-TR3
S1-TR4
S1-TR5
B70-A1
B70-A2
B70-A3
B70-B1
B70-B2
B70-B3
B70-C1
B4-AIR
B4-SB
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Top Events
Impacted
ESA, ESB,
H2O*, LLP
LLP, D2O, RED
N/A
PN
N/A
N/A
SC
N/A
SC, PN, CPA*
PN*
PN*, AE, NV
N/A
N/A
N/A
H2O
SEC1, SEC3
SEC1
N/A

Screen from
Further Analysis?

Yes

Yes
Yes
Yes

Yes
Yes
Yes

Yes

SEC3
N/A

Yes

N/A

Yes

SSA
BBA
SSA, BBA, ESA
SSB
BBB
SSB, BBB, ESB
LSA, LSB
CPA*, SUB2*
SUB2*, MW*

6

3

ON

s

ON

Table 6.1-7. Quantitative Screening of Location Scenarios
Fire Zone

Fire Zone Description

RCB-LA
RCB-CR
B70-C1
B4-AIR
B4-SB
Sl-1
S1-TR1
RCB-D20
RCB-LB
RCB-LD
APR-1
APR-BR
B73-1
B24-PH
S1-TR3
B70-A1
B70-A2
B70-A3
B70-B1
B70-B2
B70-B3
B24-PH
RCB-LA

RCB Basement, General Area
Reactor Control Room
Trains A and B Line Supply Distribution Boards
Air Compressor Room
Boiler House Switchboard Room
Substation No. 1, General Area
Transformer No. 1 Room in Substation No. 1
D2O Plant Room
RCB Operation Level, General Area
RCB 10m Level, General Area
Auxiliary Plant Room, General Area
Battery Room in the APR
Rig Diesel Room
Pump House
Transformer No. 3 Room in Substation No. 1
Diesel Generator A Room
Train A Battery, Inverter, Rectifier Room
Train A Switchboard Room
Diesel Generator B Room
Train B Battery, Inverter, Rectifier Room
Train B Switchboard Room
Pump House
RCB Basement, General Area

Scenario
ID
FIRE1
FIRE17
FIRE 18
FIRE19
FIRE8
FIRE9
FIRE2
FIRE3
FIRE4
FIRE5
FIRE3
FIRE6
FIRE7
FIRE 10
FIRE11
FIRE 12
FIRE13
FIRE14
FIRE 15
FIRE16
FLOOD1
FLOOD2

Fire
Frequency
1.32E-02
2.00E-03
9.42E-03
8.09E-03
1.10E-02
2.28E-03
1.64E-03
6.42E-04
1.28E-02
3.43E-03
1.47E-02
1.34E-03
2.16E-02
4.30E-03
1.64E-03
1.34E-02
3.67E-03
6.55E-03
1.34E-02
3.67E-03
6.I1E-03
1.05E-04
7.68E-05

Top Events Impacted
ESA, ESB, H2O*, LLP
LSA, LSB
CPA*, SUB2*
SUB2*, MW*
SEC1.SEC3
SEC1
LLP, D2O

CCDF

CTRI

CDF

TRI

Screen?

5.91E-06

8.84E-04

7.78E-08

1.16E-05

4.37E-07
1.92E-07
1.78E-04
9.04E-08
6.50E-08
6.61E-07
1.74E-08
7.64E-H
2.00E-08
1.82E-09
2.94E-08
3.98E-08
3.54E-08
2.04E-08
8.31E-11
9.88E-09
3.72E-09
8.31E-11
1.68E-09
9.46E-10
6.96E-10
1.79E-07
1.64E-09

7.05E-05
2.45E-08
0.00E+00
1.46E-05
1.05E-05
1.07E-04
2.09E-06
1.10E-08
2.40E-06
2.18E-07
3.53E-06
6.11E-06
5.63E-06
2.55E-06
1.18E-08
1.25E-06
5.94E-07
1.18E-08
2.73E-07
1.49E-07
1.12E-07
2.47E-05
2.61 E-07

No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

4.64E-05
7.48E-03
2.37E-05
3.03E-06
1.62E-02
0.00E+00
3.97E-05
6.41E-03
6.40E-03
3.96E-05
1.03E-03
.67E-01
.63E-04
1.36E-06
PN
2.23E-08
I.21E-06
SC
SC, PN, CPA*
1.36E-06
.63E-04
1.36E-06
.63E-04
PN*
PN*, AE, NV
1.36E-06
.63E-04
9.26E-06
.42E-03
H2O
SEC3
2.16E-05
3.43E-03
1.52E-06
1.90E-04
SSA
2.26E-08
3.22E-06
BBA
SSA, BBA, ESA
1.51E-06
1.91E-04
2.78E-07
4.43E-05
SSB
2.26E-08
3.22E-06
BBB
SSB, BBB, ESB
2.75E-07
4.47E-05
9.01E-06
1.42E-03
H2O
H2O, ESB, D2O*, RED*
9.06E-06
1.46E-03
Total Frequency of Screened Fire Scenarios
Total Frequency of Screened Flood Scenarios

6

Table 6.1-8. Detailed Fire Analysis Subscenarios

En

I.3

Os

Fire Zone

Subscenario
ID

RCB-LA

FIRE 1A

Fire
Frequency
3.08E-03

ESA, D2O*, RED*

CDF
(Objective 1)
8.13E-10

TRI
(Objective 6)
1.40E-07

RCB-LA

FIRE IB

6.04E-03

ESB, D2O*, RED*

5.98E-09

9.74E-07

RCB-D20

FIRE2

1.07E-04

LLP, D2O, RED

6.61E-07

1.07E-04

RCB-CR
RCB-CR

FIREP1
FIRP1A

2.22E-04
3.09E-07

CCA
CCA, D2O, RED

2.67E-07
2.74E-07

1.58E-10
3.45E-08

RCB-CR
RCB-CR
RCB-CR
RCB-CR
RCB-CR
RCB-CR
RCB-CR
RCB-CR
RCB-CR

FIREP2
FIREP3
FIREP4
FIREP5
FIREP6
FIREP7
FIREP8
FIREP9
FIREPA

2.22E-04
2.22E-04
2.22E-04
2.22E-04
2.22E-04
2.22E-04
2.22E-04
2.22E-04
1.11E-04

9.29E-11
5.59E-09
0.00E+00
9.25E-11
5.39E-08
1.46E-08
0.00E+00
0.00E+00
4.11E-08

5.70E-10
3.09E-08
0.00E+00
5.69E-10
2.99E-07
8.14E-08
0.00E+00
0.00E+00
2.29E-07

Sl-1
S1-TR1
B70-C1
B4-A1R
B4-SB

FIRE8
FIRE9
FIRE 17
FIRE 18
FIR19A

2.28E-03
1.64E-03
1.10E-02
8.09E-03
1.10E-02

CLSV
SC.PN
N/A
LLP
D20*, H2O, RED*
SSA*, SSB*
N/A
N/A
SC, PN, LLP, D20*, H2O,
SSA*, SSB*
SEC1, SEC3
SEC1
LSA, LSB
CPA*, SUB2*
SUB2*. MW*

5.26E-08
3.78E-08
2.54E-07
1.92E-07
2.61E-07

8.39E-06
6.03 E-06
4.05E-05
2.62E-08
3.56E-08

Total of Detailed Fire Subscenarios

2.12E-06

1.64E-04

Top Events Impacted

Notes
Fire in panel P25 or MCC #5 that damages both
cabinets.
Fire in panel P22, P23, or MCC #3 that damages all
three cabinets.
Fire initiated by running scavenge pump that damages
entire fire zone.
Fire in control room panel 1.
Fire in control room panel 1, with failure of D2O..
pumps during operation.
Fire in control room panel 2.
Fire in control room panel 3.
Fire in control room panel 4; no impact on model.
Fire in control room panel 5.
Fire in control room panel 6.
Fire in control room panel 7.
Fire in control room panel 8.
Fire in control room panel 9; no impact on model.
Fire in control room panel 3,4, 5,6, or 7 that damages
all five panels.
No subscenarios developed.
No subscenarios developed.
No subscenarios developed.
No subscenarios developed.
SUB2 assumed completely failed for this subscenario;
MW impact is internal to plant model.

Table 6.1-9. Summary of Fire Analysis Results
Core Damage
Frequency
Total from Screened Location Scenarios
1.79E-07
Total from Detailed Subscenarios
2.12E-06
Combined Total
2.30E-06
Results
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Tritium Release
Frequency
2.47E-05
1.64E-04
1.88E-04

Table 6.1-10. Summary of Flooding Analysis Results
Results
Total from Screened Location Scenarios
Total from Detailed Subscenarios
Combined Total
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Core Damage
Frequency
1.64E-09

Tritium Release
Frequency
2.61E-07

~

--

1.64E-09

2.61E-07

e

Table 6.1-11. Fire and Flood Results Compared to Safety Objectives

on

I

Category

s
i

1. Irradiated Fuel Elements in Core or in the
No. 1 Storage Block
2. Fuel Elements in Core or in the No. 1
Storage Block with Degraded or Ineffective
Containment
3. Fuel Element Mechanical Damage/Heavy
Object Drop
4. Fuel Element Mechanical Damage/Heavy
Object Drop Outside the RCB or with
Degraded or Ineffective Containment
5. Fuel Element Mechanical Damage/Heavy
Object Drop Resulting in Fuel Overheating
or a Critical Configuration
6. Tritium Release
7. Tritium Release with Degraded or
Ineffective Containment
•Total mean frequency per year of all scenarios

Source of Hazard

Relevant
POSs

Primary Safety Objectives
Irradiated Fuel Elements in Core or in the
1-5,7
No. I Storage Block
Irradiated Fuel Elements in Core or in the
1-5,7
No. 1 Storage Block

Safety
Criterion*

Contributions from
Fire Initiated
Sequences Only

Contributions from
Flood Initiated
Sequences Only

5E-04

2.30E-06

1.64E-09

5E-05

9.34E-07

7.43E-11

0

0

Secondary Safety.Objectives;^\"cM»:^
Fuel Elements in Transfer Flask
5E-03
4,6,8-13
Fuel Elements in Transfer Flask

Fuel Elements in Core, in the No. 1 Storage
Block, or in Storage in Building 23, 27, 41,
or 59
Tritium in Primary Circuit
Tritium in Primary Circuit
for all relevant POSs.

;

4,6,8-13

5E-04

0

0

1-13

5E-05

0

0

1-5
1-5

1E-02
1E-03

1.88E-04
6.47E-05

2.61E-07
6.30E-09

; ::---:/S r

6.2 External Hazards Analysis
This section addresses the analysis of external hazards. The approach used in these consists of
the following steps:
•
•

Identification of significant external hazards.
Screening of external hazards identified based on established criteria.

In the first step, an extensive review of information on the site, the surrounding region, and the
plant design was performed to identify all external events potentially of risk importance to
HIFAR. Information reviewed includes data on hydrology, geology, and meteorology for the
site, on seismological characteristics of the region, as well as relating to industrial and military
activities in the vicinity of HIFAR (Reference 6.2-1). External events considered in other PSAs
and in PRA procedure guides (Reference 6.2-2 and 6.2-3) were also consulted. The results of the
information review is an exhaustive list of natural and man-made external events as shown in
Table 6.2-1.
The next step in the analysis was the screening of the external hazards identified for the plant.
Each hazard identified was evaluated in order to select the significant external events for detailed
analysis. The screening criteria used for the external hazards identified are:
1. The event is of equal or lesser damage potential than the events for which the plant has
been designed.
2. The event has a significantly lower frequency of occurrence than other events with
similar consequences.
3. The event cannot occur close enough to the plant to affect it.
4. The event is included in the definition of another event.
External events that do not meet any of the above criteria were retained for further analysis. The
full spectrum of hazard severity was considered in the screening process. Table 6.2-1 shows the
results of the screening analysis. For example, Lucas Heights is on an elevated area and is not
located in any cachement area for runoffs in the event of intense precipitation in the region. The
topography of the Lucas Heights area, therefore, precludes the external flooding hazard. The
external hazards retained for further analysis are listed below:
•
•
•
•
•
•
•
•

Aircraft Crashes
Extreme Winds
Bushfires
Industrial Activities
Military Activities
Onsite Activities
Seismic Activities
Transportation Accidents

The analysis of these external hazards is described further in the sections below.
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6.2.1 Seismic Analysis
The seismic analysis performed for the HIFAR plant consisted of the following main steps:
•

Seismic Hazard Analysis. Determination of the frequency of various peak ground
accelerations (PGA) at the site and the likelihood of landslides and soil liquefaction.

•

Fragility Analysis. Determination of the conditional failure probability of risk-related
plant structures and components at peak ground accelerations.

•

Plant Logic Analysis. Development of a logic model that can be used to evaluate the
potential failure scenarios involving structures, equipment, and other plant components.
The model includes seismic-induced failures that may initiate an accident scenario and
may directly disable components or systems needed to successfully terminate the
scenario. The model also includes potential failures and unavailabilities of components
due to nonseismic causes that may occur prior to or during the earthquake.

•

Assembly and Quantification. Assembly of the seismic hazard, component fragilities,
and nonseismic unavailabilities, and plant logic models, including model quantification
to obtain point estimates of core damage, plant damage states, and scenario frequencies
that result from seismic-initiated events.

•

Uncertainty Quantification. Calculation of probability distributions for core damage
frequencies that can be combined with the results from other initiating events. A
graphical presentation of the seismic PSA methodology can be seen in Figure 6.2-1.

6.2.1.1 Seismic Hazard Analysis
A number of comprehensive seismic hazard analyses have been performed for HIFAR and are
summarized in References 6.2-4 and 6.2-5. The most applicable results of these prior analyses
are seen in the seismic hazard curves in Figure 6.2-2, taken from Reference 6.2-5. The 15th,
50th, and 85th percentile curves are shown, where the 15th and 85th percentile curves represent
the uncertainty. For purposes of the seismic logic model quantification, the mean seismic hazard
curve was calculated from these three curves and is also seen in Figure 6.2-2. Table 6.2-2 is a
tabulation of all of these values, and indicates the probability weights assigned to each of the
three curves when computing the mean hazard curve.

6.2.1.2 Seismic Fragility Analysis
6.2.1.2.1 Methodology. Generally, the methodology adopted in assigning peak ground
acceleration capacities to safety-related structures, equipment, and other components is to first
determine the median factor of safety against failure and its statistical variability. In general, the
factor of safety against failure of a structure or component from seismic-initiated ground motion
can be defined as the ratio of the ground motion that causes failure to the maximum design-basis
ground motion that maintained acceptable elastic stress limits in the component materials.
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The overall safety factor is determined by evaluating the factors for a number of parameters in
three categories: strength, ductility, and response. For structures, the parameters that influence
the factor on structural strength are the stresses at structure failure compared with the design
stress level. Ductility is the inelastic energy absorption capacity of a structure to carry load
beyond yield, compared with the capacity used in the design. The most significant parameters
for response to a given ground acceleration include:
•
•
•
•
•
•

Earthquake Characteristics
System Damping
Load Combinations
Model Combination
Combination of Responses for Earthquake Directional Components
Structural Modeling Considerations

The overall safety factor for equipment and other plant components is derived from similar
parameters for the component. However, component response also depends on the building in
which the component is located and its location within the building. Therefore, the overall safety
factor for components is composed of component strength and response relative to the floor, in
addition to the building response to ground accelerations.
A best estimate of the actual value for each parameter is generally considered as the median of a
distribution of possible values. The ratio between the best-estimate value and the value used in
the plant design (by analysis or qualification test) is determined for each parameter for each
critical plant building, equipment, and component. The product of the parameter safety factors
represents the overall safety factor. From this overall safety factor, the median acceleration
capacity, or peak ground acceleration at this overall safety factor, the median acceleration
capacity, or peak ground acceleration at failure, is determined by multiplying the safety factor by
the safe shutdown earthquake (SSE), or S2 ground motion.
Structures are considered to have failed when either collapse occurs or inelastic deformations of
the structure under seismic load potentially interfere with the operability of equipment supported
by the structure. These limits on inelastic energy absorption capacity (ductility limits) are
estimated to correspond to the onset of significant structural damage, and not necessarily to
structure collapse.
Piping, electrical, mechanical, and electromechanical equipment vital to mitigating the effects of
earthquakes are considered to fail when they can no longer perform their designated functions,
whether as a result of supporting structure failure or direct failure from the earthquake. Ruptures
of pressure boundaries are also considered failures. In most cases, however, the equipment will
lose its ability to function at lower accelerations before pressure boundaries fail because the
pressure boundaries for equipment, such as pumps and valves, usually are designed very
conservatively.
Seismic-induced failure data are generally unavailable for specific plant components or
structures, since testing is not normally performed through failure. Thus, the peak ground
acceleration at which the component is expected to fail must be determined primarily from
analysis and engineering judgment supported by limited test data.
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Earthquakes that cause the same peak ground acceleration at the plant site can have different
energy contents and durations. The magnitude of these factors varies randomly. Therefore, the
affects on structures and components at the same acceleration but from different earthquakes
differ. So, while the median acceleration capacity can be estimated for structures and
components, even if their strengths, ductilities, and responses were well known, it is still
necessary to assign a random variability to the capacity due only to differences in earthquake
characteristics. Because of this uncertainty, great precision in attempting to define the shape of
fragility curves is not possible or warranted. In addition, the strengths and response
characteristics of the structures and components are not exactly known, so uncertainty about
these parameters must also be expressed. The median acceleration capacity, random variability,
and uncertainty can be expressed by a, eR and sv, respectively. Then, the acceleration capacity, a,
at various designated levels of confidence is given by:

The statistical variations of many material properties and seismic response variables are well
represented by logarithmic distributions. Therefore, it is assumed that both eR and sv are
lognormally distributed with lognormal standard deviations of pR and PUs respectively. (This
representation is believed to be inappropriate near the tails of the distributions because
experience indicates that there are practical lower bounds on accelerations at which failures of
engineered facilities can occur. This will be discussed shortly.)
Therefore, the acceleration capacity, a, can be expressed in terms of:
a = a exp(f pu) exp(fPR)

(6.2.2)

where
a

= median acceleration capacity.

f

= variant of a standard normal distribution representing the uncertainty in the
acceleration capacity that, with additional information, might be reduced.

Pu = lognormal standard deviation applied to f to adjust the uncertainty distribution, based
on specific knowledge about the building or component.
f

= variant of a standard normal distribution representing the randomness in the
acceleration capacity. This randomness results from earthquakes yielding the same
acceleration at the site but having different energy content and duration and,
therefore, different effects on plant components. This is a random variable that
additional information would not affect.

PR = lognormal standard deviation applied to f to adjust the distribution on the randomness
for the evaluated parameters.
Figure 6.2-3 shows a graphical representation of Equation (6.2.2) in the form of a typical
fragility curve for buildings and equipment. The median acceleration capacity, a, is shown as a
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point. The median fragility curve is shown as the dashed curve through a. The dashed 5th
percentile and 95th percentile curves represent the range in uncertainty about the median. The
fragility analysis actually develops a large family of curves that are defined by the parameters a,
PR, and Pu. As shown in Figure 6.2-3, the shape (i.e., the "steepness") of each curve is
determined by pR, the variability that is caused by the randomness of earthquake characteristics
at given accelerations. The range of the curves (i.e., the "spread") is determined by PU5 the
uncertainty in the seismic response characteristics. The mean fragility curve can be seen as the
solid curve through a. Any point, a, on the mean curve is represented by the expression:
a = aexp(f'p c )

(6.2.3)

where f is a standard normal distribution and:

Pc = V P R + P U

(6-2.4)

Fragilities expressed by a, PR, and p y are developed for all buildings and plant components
whose failures could initiate, or affect mitigation of, an accident sequence.
Figure 6.2-3 also indicates the HCLPF value. This is an acronym for high confidence, low
probability of failure and is the value for which there is a 95% confidence that there is no greater
than a 5% chance of failure, equivalent to about a 1% chance of failure. In this study, where a
deterministic analysis by others had indicated a building, equipment, or other plant component
was qualified for a particular "g" level, presuming the component to be capable of resisting
higher g levels before failure, that "g" level was taken to be the HCLPF value.
6.2.1.2.2 Approach. The fragility analysis approach taken in this project was to rely on prior
deterministic calculations made by others for selected plant structures and equipment, where
available, as a basis for estimating the seismic capacity of these components. In addition, there
was a strong reliance on a close inspection of all risk-related plant components. Those sources
of information combined with the experience gained from the results of numerous PSAs of
plants with low seismicity and many components similar to those seen at HIFAR, enabled an
assignment of best-estimate seismic capacities to the HIFAR components, with a minimum of
capacity calculations performed.
Based on a review of pR and p o values derived in other low seismicity site PSAs, values of 0.25
and 0.35, respectively, were selected for all of the HIFAR components. The assigned pR values
of 0.25 are judged to be realistic as are the assigned $v values of 0.35. For selected components,
the Pu values may be greater or lower if a more detailed assessment were to be performed.
However, the study team judges the values reasonable for the current study.
Regarding the use of the results from the deterministic calculations performed to qualify the
plant components, some judgments were made about the median acceleration capacity in the
context of deterministic results. The available fragility analyses did not present their results in a
probabilistic format. The PSA formulated a protocol to develop a probabilistic description of the
fragility using the deterministic information. If the result of a calculation concluded that the
structure or equipment qualifies for the 0.20g or 0.23g S2, or safe shutdown, earthquake, then
that value was taken as the HCLPF value; i.e., there essentially is no chance of failing at that
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g level. If the result indicated that yield would occur at a certain g level, then that g level was
taken as the median or best-estimate value, a.
A key author of the past seismic capacity work for HIFAR was contracted to review and
comment on selected fragility curves assigned by the PSA study team. The purpose of this
review was to ensure that the results of earlier work had been properly interpreted. The results of
that review (Reference 6.2-6) are available for the reactor containment building and the reactor
block. The conclusion was drawn that the HCLPF and median fragilities used in the PSA were
reasonable. The review also concluded that additional analyses are necessary to determine if
0.25g represents a reasonable median fragility for the reactor block, and offered an opinion that
this value "may be on the low side." The study team therefore believes that the 0.25g value for
the reactor/shielding plant room is a conservative estimate of the median fragility. However, it is
also concluded that additional analyses would be required to modify the current estimate.
The review organization, Structural Mechanics and Dynamics, noted that they had not previously
evaluated the fragility of the mains water tower, chilled water pumps, reactor internals, or power
and control cabinets. They therefore could not fully evaluate the fragilities assigned to these
items in the PSA; however, the review noted that the fragilities used "looked reasonable."
During the walkdown, and using the experience from many prior walkdowns and fragility
analysis results, it was possible to identify components that obviously would not fail at some
screening g level and, thus, could be eliminated from further consideration. To determine the
appropriate screening level, it was necessary to refer to the seismic hazard curves. On the basis
that a failure frequency of 1E-06 per year would be of little concern if a component's median
acceleration capacity was at least equivalent to the PGA at that frequency. There is one
conservatism in this screening approach. It is assumed that the component's failure leads
directly to core damage, which usually is not the case. A review of the mean seismic hazard
curve indicates that the PGA at 1E-06 is about l.Og. On that basis, during the seismic
walkdown, all components for which the best estimate of seismic capacity was equal to or
greater than 1 .Og were screened out.
The list of structures, equipment, and other plant components considered to be risk-related were
all inspected. Appendix A is the seismic walkdown report resulting from the inspections. The
report presents a list of the facilities inspected. The walkdown sheets for each item inspected
contain the results from each inspection, reference to photographs as applicable, and
recommended fragility evaluation for each plant component not screened out. Some items were
screened out on the basis that their seismic acceleration capacity is equal to or greater than 1 .Og.
Table 6.2-3, taken from Appendix A, indicates the results of the inspection and the fragilities
assigned. These fragilities were estimated using the inspection results and the results from other
low seismicity site PSAs, as well as results from the prior deterministic analyses performed by
others. Table 6.2-4, also taken from Appendix A, summarizes the fragility parameters, failure
modes, and direct impacts for the unscreened components.
A key assumption in developing the fragilities for HIFAR was in the assignment of failure mode
or impact of failure of the reactor shielding block/ or plant room (i.e. the reactor block). It is
conservatively assumed that if the reactor block failed seismically, it would fail in such a way as
to cause fuel damage with an impaired containment. Failure of the block is assumed to result in
failure of the piping and equipment, including the ECCS pumps and piping in the heavy water
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plant room thus resulting in fuel damage. Movement of the block, along with the impacted heat
exchangers, is assumed to result in large stresses on the secondary (light water) system piping,
leading to failure of the light water containment penetrations and therefore defeat containment.
This assumption is highlighted as being potentially conservative. A recommendation of this
study is to examine the reactor block failure mode more carefully, specifically to determine if its
failure would indeed degrade containment.
Similarly, the seismic failure mode of the reactor containment building and its potential impact
on HIFAR is another key assumption. The failure mode of the reactor containment building was
envisioned for this study to be lift of the shell due to failure of the anchor bolts. The assumption
is made that the equipment housed in the building would fail - e.g. secondary cooling piping as
well as the mains water cooling piping due to shell and block movement. These failures would
result in eventual fuel damage. At the same time, it is anticipated that large stresses may be
experienced on the containment penetrations, resulting in violation of the integrity of these
penetrations.
Discussions with site personnel indicate that the buried mains water pipelines, not listed in
Table 6.2-3, have experienced failures in the past. Described as 4-inch to 6-inch lines with the
largest header being 10 inches in diameter, the lines are cement lined, cast iron sections flanged
together with rubber seals. Breaks during normal operation were detected on more than one
occasion by water coming to the surface. The leaks occurred under a road curb, apparently due
to differential settlement between the curb and road bed. Such breaks have since been repaired.
It is believed that an earthquake, while possibly causing pipe cracking and water leakage, would
not put the line out of commission before repairs could be made in due time. It would take total
collapse of a pipe section or joint to divert most of the water flow into the ground formation
rather than through the continuation of the pipe to lose useful flow. In the current study this was
judged unlikely (and essentially less likely than failure of the water tower which would have the
same impact), so it is assumed that the mains water lines would still function immediately after
an earthquake and until such time that any break could be repaired. However, if there is
substantial leakage through a break at the same time that the mains water pumps or power
supplies fail, the capacity of the water tower could be compromised. There is no information on
the seismic capacity of the mains water pipelines. Underground water pipelines have been
known to "fail" at other sites, but the likelihood of failure is highly dependent on local soil
conditions. For this reason, the study team recommends that further work to establish the
seismic capacity of the mains water pipelines be performed.
The seismic capacities of components within the heavy water plant room were examined during
the seismic walk-down. No particular vulnerabilities were identified which would lead to failure
of the ECCS. Some concerns were expressed in earlier drafts of this report regarding the
potential failure of heavy water plant room walls leading to plugging of the plant room sump
used by the ECCS. The large concrete shielding blocks of interest are on the exterior of the plant
room, facing the vehicle air lock. ANSTO maintains that an analysis by SM&D performed in
1995 shows that failure would be unlikely at .25 g. Even if these blocks failed, the resulting
debris would be very unlikely to clog the ECCS sumps that are in the floor of the plant room.
Recall that the plant room doors are closed during power operation. For this study, failure of the
reactor block was assumed to result in collapse of the plant room. Such failures were
conservatively assigned to fuel damage with failure of the reactor containment. Heavy water
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piping was judged to have higher seismic capacity so that leakage events requiring operation of
ECCS should not be of concern at seismic levels lower than the currently assessed frequency of
reactor block failure. Therefore, even if the blocks failed and the debris from these blocks were
to enter the plant room, such an event would have no impact on the seismic risk estimates.
The seismic walkdown report does not discuss the potential for seismic induced fires, largely
because no particular vulnerability to such fires was identified. Combustible liquids and gases at
HIFAR are well removed from locations where they could seriously impact the plant. No
particular vulnerability to cable or panel fires was identified at the earthquake levels of interest,
especially since loss of all AC power at HIFAR does not by itself lead to fuel damage. RAT
flooding is still available to prevent fuel damage. While this issue has been identified for
consideration in the USA IPEEE reports, the study team is not aware that seismic induced fires
have ever been shown to contribute to risk, for low or high seismic sites. Recall that the fire
analysis considers the risks of fires from all other causes. The study team believes that the
frequency of seismic induced fires in any particular location would be less than these
frequencies. For seismic induced control room fires to be risk significant at HIFAR, they would
have to cause both failure of the equipment controlled from the control room and prevent RAT
flooding. But the piping that is required for RAT flooding is not susceptible to seismic failure
modes. Also, to be risk significant this would have to happen at earthquake levels where the
reactor building and block remain intact. The study team concludes that seismic induced fires
are not risk significant at HIFAR.
It has been postulated that operator performance could be degraded if unanchored equipment on
the same floor as the control room moves or if the air locks are damaged. The study team
believes that the likelihood of this being a serious concern is diminished by the presence of
multiple personnel air locks spaced on different floors and angles to the RCB. Recall that fuel
damage is assumed to occur if the reactor containment building or reactor block fail.
During the walk-down, the personnel access points were judged to have relatively high seismic
capacity compared to the other equipment and structures examined. In the current PSA, the
reliance on the operators in the event of an earthquake is minimal. Instead, earthquake risk is
governed by structural failure of the reactor block and RCB, not by sequences in which credit for
the operators is taken. Personnel safety may be of concern if the experimental equipment moves
due to an earthquake, but this was judged not to be of concern for predicting the fuel damage
frequency. In addition, the study team believes that even if the experimental equipment were to
be impacted by an earthquake, the resulting debris would be localized and therefore not seriously
impede the operators from performing the actions modeled in the PSA.
Seismic calculations for the Building 41 pond were not reviewed by the study team. However,
the study team does not believe that the pond itself is susceptible to seismic due to its integral
arrangement with the floor slab. Seismic failures of the Building 41 walls, leading to objects
falling into the pond, were considered as potentially impacting the fuel stored in the pond below.
The frequency of such failures was accounted for in the potential for drops of heavy objects onto
stored fuel, including that for Building 41.
Subsequent to the inspection and fragility evaluation of components, additional understanding of
component functions at HIFAR was gained. From this knowledge, a number of the components
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identified in Table 6.2-4 additionally were able to be screened out from modeling because they
would not affect the risk. These are enumerated as follows:
•

Rig Electric Power Battery Charger. The battery charger functions to keep the
batteries charged and will have fulfilled this purpose prior to a potential earthquake. It
would not need to function immediately after an earthquake after the Rig diesel is
operating.

•

Experimental Portable Equipment. This equipment is only of concern if it would
impact on risk-related equipment. Although there is a large number of these equipment
items in the RCB, they are probably relocated in the facility at different times. The
inspection did not reveal risk-related equipment that would be obvious targets by the
portable equipment. Further, should such targets exist, there is a small likelihood that an
earthquake would propel the portable equipment to the vicinity of the equipment of
interest.

•

Portable Helium Tanks. There was a limited number of portable helium tanks in the
RCB (about four) and these were chained at about the top third of the tanks to stationary
fixtures. In the unlikely event that an earthquake would cause the bottom of the tanks to
move laterally and result in their falling, the tank valves would have to be hit and fracture
in order for the tank to turn into a missile. Then the tank would have to impact a
risk-related target. The combination of the likelihood for each if these events appearing
in combination is considered too small to be a modeling consideration.

•

Building 41. This building houses the demineralizer unit, in addition to facilities that are
not considered in this risk assessment. Failure of the building likely would cause the acid
and alkali tanks of the demineralizer unit to fail and spill their contents. Although the
consequence would be a local hazard, it is not considered to result in a plant damage state
related to core damage.

•

Demineralizer Unit. See discussion above concerning Building 41.

•

Building 17. This building houses the new fuel vault that in itself is a reinforced
concrete bunker. Failure of the outer building is considered to not affect the vault
contents.

•

Building 59. This building houses the Dounreay flasks. These flasks are 4-ft cubes
constructed of heavy steel and set in heavy timber frames. Building failure is not likely
to cause damage to the contents of the flasks.

•

Building 27. The building houses 50-foot deep, small diameter, fuel storage holes.
Failure of the building is not likely to cause any damage to the fuel that is stored well
below grade in the capped holes.

•

ECCS Piping. The ECCS injection system relies on leakage to the heavy water plant
room for its water source. Seismic failure of the plant room equipment, heavy water
circuit piping, or superstructure are all conservatively assumed to occur in ways which
will prevent the ECCS injection system from adequately maintaining RAT inventory due
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to the loss of the reactor or reactor cooling system integrity. This is a modeling
conservatism that eliminates the need for further consideration of the ECCS piping.
•

ECCS (Scavenge) Pumps. See discussion above concerning ECCS piping.

In addition to the components eliminated from modeling as noted above, the cabinets and
transformers located in Substation No. 1 are assumed to be totally dependent on the weaker
building structure. Therefore, the cabinets and transformers are not separately modeled from
Substation No. 1.
6.2.1.3 Plant Logic
The seismic-initiated failure model is composed of the potential seismic failures coupled with the
plant response model that reflects the possible non-seismic failures due to maintenance, random
failures, or human errors. The seismic event tree is comprised of all of the seismic failures that
remain after screening. The seismic event tree is linked to the CONFIG, SUPPORT,
GENTRANS, LATE, and GTRECOVERY trees for seismic sequence frequency quantification.
These trees were presented earlier in Section 5.
Figure 6.2-4 is the seismic event tree. The top events in the seismic event tree are comprised of
the individual component seismic failures that remain after screening. Some of the seismic
failure modes lead to the same impact on the plant response and, therefore, are combined in the
same top event. The top events used in the seismic event tree are defined as follows:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

ZFDC — Reactor Shielding/RCB Structure
ZFDA — Reactor Internals
ZFDB — D2O Pumps/Heat Exchanger/Piping
ZOG — Offsite Power
ZBG4 — Building 4/Mains Water
ZMNS — Mains Water Tower
ZRDB — Rig Diesel Generator Building
ZPN — Panel N Power
ZAIR — Air Receivers
ZB4A — Service Air Compressors
ZH2O — Light Water Cooling Circuit
ZOP — ECR HVAC Equipment Failures
ZCWI —Chilled Water inside RCB
ZCWO — Chilled Water in APR
ZCI — RCB Air Locks
ZCIW — Water Seal Tanks
ZNV — Normal Ventilation
ZSV — SAVS Ducts

The seismic fragilities represented by each of the above top events are shown in Table 6.2-5.
There is a dependency between the seismic failure of particular components and the resultant
failure of top events reflected in the downstream event trees used to represent the plant response
to the seismic failures. These dependencies are portrayed in Table 6.2-6. Given the failure of
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the top event in the seismic event tree, there is often a resultant failure in the plant response trees
as shown in Table 6.2-6. These seismic-related dependencies are included in the plant response
models for internal events to develop plant response event trees specialized for seismic events.
6.2.1.4 Assembly and Quantification
The assembly is comprised of the integration of the seismic hazard curves with the component
fragilities and the seismic-initiated plant response models. The point estimate calculation of the
total seismic risk is performed by quantifying the model at specific intervals of PGA using the
mean hazard curve with the associated mean failure probabilities of components in the model,
then summing the results from each PGA interval.
The seismic hazard curves were reviewed to select suitable PGA intervals that would reflect the
slope of the mean curve. Table 6.2-7 presents the six intervals, EQ1 through EQ6, and the
results of the mean frequency within each interval. It can be seen that more detail has been given
to the PGAs with higher frequencies. The lower end of EQ1 was chosen to coincide with the
lower HCLPF value of all components in Table 6.2-4 (i.e., 0.074g), since no failures below that
value are anticipated. Two sets of earthquake initiator mean frequencies are listed in
Table 6.2-7. The first is based on the hazard curves provided in Reference 6.2-5 (by Corran).
This set of values is assumed as the base case. A second set of earthquake initiator frequencies is
also shown in Table 6.2-7, and is referred to as a sensitivity case.
The study team observed that the uncertainties in the base case family of seismic hazard curves
were substantially smaller than even those reported for low seismic sites in the U.S. After
discussions with the project Technical Review Committee, it was decided that a second
sensitivity case would be evaluated. The second sensitivity case assumes that the same median
(50%) hazard curve as the base case applies, but that the upper and lower hazard curves are
revised to reflect a greater range of uncertainty. The final uncertainty ranges were derived by the
study team to be similar to results found in the U.S. for low seismic sites, including greater
uncertainties at higher earthquake magnitudes. The seismic family of hazard curves for the
sensitivity case are presented in Figure 6.2-5. One impact of the larger uncertainty represented
by the sensitivity case is that the mean hazard curve has noticeably greater frequencies of
occurrence than in the base case. This is because all three hazard curves from a family are
averaged to give the mean curve.
Consideration was also given to the possibility that additional components could be screened out
if the sum of the product of the mean seismic hazard and mean failure probability at each PSA
interval was equal to or less than the screening PGA frequency, 1E-06. These unconditional
failure frequencies are tabulated in Table 6.2-8 for each of the components to be modeled. It is
seen that no further screening was possible, since all failure frequencies are greater than 1E-06.
In preparation for quantifying the model, it was necessary to calculate the conditional failure
frequency of each top event at each of the seismic hazard intervals. These values for each top
event are presented in Table 6.2-5. The values shown represent point estimates obtained by
using the mean curves for each component fragility.
It is likely that a very strong earthquake would at least temporarily affect the performance of the
operators. That is, it is unlikely that actions would take place during the seconds' duration of an
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earthquake, but the operators' subsequent actions may be affected. Therefore, possible seismic
impacts were included in the analyses for all operator actions that are required immediately
following a seismic event. A great deal of experience exists about the effects of various-sized
earthquakes on people. Some years ago, the Modified Mercalli Intensity (MMI) Scale was
developed to correlate earthquake levels of intensity with physical damage, as well as with
people's sensitivity to the earthquake. This scale was based on records of damage experienced
from various-sized earthquakes over hundreds of years. The scale in Table 6.2-9 describes
damage and people's sensitivity at various earthquake intensities and was correlated by Richter
to ranges in peak ground acceleration. A precise correlation between intensity and acceleration
is not possible because damage not only is a function of the acceleration but also depends on the
energy content and duration of the earthquake; the longer the sustained acceleration, the more
damage. The magnitude of the earthquake, its distance from the epicenter to the location of
interest, and the soil materials between structures and the bedrock also dictate the effects from
the earthquake. Smaller earthquakes closer to a facility can yield the same peak ground
acceleration at the site as an earthquake that is larger but farther away. However, the effects of a
larger earthquake are more severe, given the same peak ground acceleration and similar soil
conditions as for a smaller earthquake. Therefore, ranges in acceleration, rather than discrete
values, are more appropriate when attempting to correlate acceleration with intensity and
damage.
Table 6.2-9 indicates that earthquakes between the 0.3g and 0.7g level begin to affect the
behavior of people during the earthquake. Since operators are trained to perform their actions
under emergency conditions, they would be expected to have a tolerance level near the upper end
of the spectrum. Therefore, if operator actions were required soon after the earthquake, the
operators might not perform them correctly, to some degree, at the higher end of this acceleration
range. It was therefore assumed that operator performance would fail for all earthquakes greater
than 0.50g (i.e., initiators EQ1 and EQ2) and that there would be no significant impact on
operator performance below 0.50g.
6.2.1.5 Fuel Handling, Transport, and Irradiated Fuel Storage
The impacts of earthquakes discussed above address HIFAR fuel while it is contained in the
RAT; i.e., for POS-1 through POS-5. This section discusses the impacts of earthquakes on
HIFAR fuel in POS-6 through POS-13; i.e., when the irradiated fuel is not in the RAT. The
handling, transport, and storage of irradiated fuel outside the RAT are considered in these POSs.
Section 4.3 describes the fuel processes represented by these POSs. The risk impacts of
earthquake events in POS-6 through POS-13 are discussed below.

6.2.1.5.1 POS-6 Fresh Fuel Handling and Storage. Building 17 contains the fresh fuel
storage vault. The storage vault is made of reinforced concrete and is not susceptible to
earthquakes at the accelerations of interest. Building 17 is assigned a median failure acceleration
of 0.5g, which is below the cutoff of 1 .Og used for screening. However, failure of the older,
outer Building 17 would not significantly impact the fuel storage vault constructed inside it, nor
the fuel it contains. If fresh fuel is being handled at the time of the earthquake, failure of
Building 17 could impact the fuel being handled. However, this fuel is not irradiated, and the
number of fuel elements handled outside the vault at any one time is not sufficient to yield a
critical mass. Therefore, no appreciable release of radioactive material is possible and the
impacts of earthquakes is not considered further for POS-6.
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6.2.1.5.2 POS-7 Irradiated Fuel Element Section of the No. 1 Storage Block.
Except for the cooling pumps and heat exchangers, the No. 1 Storage Block is contained within
the RCB. It is susceptible to earthquake-induced failures of the RCB and of the reactor shielding
block/heavy water plant room. However, such earthquake-induced failure modes are already
assumed to result in damage to fuel inside the RAT and to degradation of the RCB. The
additional failure of the storage block as a result of impact or relative movement of the RCB or
reactor shield block/heavy water plant room would add to the total amount of radioactive
material released. However, it is recognized that these impacts are as a result of the same
structural failure events that damage fuel in the RAT. Therefore, it was decided not to double
count this occurrence frequency by adding the frequency of damage of the fuel in the storage
block to that already computed for damage of fuel while still in the RAT.
Cooling for the No. 1 Storage Block requires electric power for operation of the cooling pumps,
and the availability of mains water as the ultimate heat sink. Although offsite power to HIFAR
is susceptible to failure during earthquakes, the screening values for the EPSS onsite electric
power system were all found to be in excess of 1 .Og, and sequences involving independent
failures of the onsite power supplies were found to contribute negligibly. Similarly, the No. 1
Storage Block cooling system components were all judged to have median failure acceleration
values greater than l.Og. Therefore, losses of the No. 1 Storage Block cooling system due to
earthquakes is determined to be of negligible frequency.
Earthquake-induced failures of the mains water supply to the No. 1 Storage Block cooling
system would disable heat removal via the normal cooling system, and preclude the use of mains
water as a backup makeup system. It has been stated previously that the frequency of losing
mains water due to earthquakes is determined by the fragility of the mains water tower. An
unconditional frequency of 8.0E-06 per year of losing the mains water tower is estimated.
However, much of the time that mains water would be lost, either the RCB or the reactor
shielding block/heavy water plant room would also fail and again we do not wish to double
count impacts of the same event. The frequency of not failing either of these structures (which
lead directly to fuel damage in the RAT) but failing the mains water tower is only 9.0E-07 per
year. In addition, the operators have substantial time (estimated as greater than 2 days in
Appendix D) to provide additional makeup to the No. 1 Storage Block in the event all mains
water is lost. Therefore, earthquake-induced failures of the No.l Storage Block or its cooling
systems, especially the supply from mains water, are not considered further.
6.2.1.5.3 POS-8 Shearing and Transport via FE Flask and the ST Flask. The
transport of irradiated fuel elements from the No. 1 Storage Block to the ST Flask, through the
VAL ,and to Building 23 are considered in POS-8. While in the RCB, the irradiated fuel being
transported is always within either the FE Flask, or the ST Flask. If an earthquake occurs while
the ST flask is still in the RCB, earthquake-induced failures considered include the collapse of
the RCB and the structural failure of the reactor shielding block/heavy water plant room. These
structural failures are already assumed to result in fuel damage of the fuel still in the RAT.
There may be additional fuel damage within the ST or FE flask caused by the impact of the
failed structures; however, the radioactive material release from these flasks would be
comparatively small. Also, quantification of such impacts would be double counting of the
earthquake occurrence frequency impacts. Therefore, such impacts are not considered further.
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The earthquake might also impose additional vertical loads on the RCB crane should it be in
operation at the time of the event. It is judged that such cranes have sufficient built-in margin,
that for the earthquake magnitudes considered, the loads would not be excessive.
The same arguments as the above also apply to the movement of heavy objects and other flasks
during POS-1 through POS-5. Earthquake impacts on such movements are either negligible, or
already bounded by the assumed damage of fuel which is contained in the RAT.

6.2.1.5.4 POS-9 Storage and Handling in Building 23. If an earthquake occurred while
the irradiated fuel was still in the ST flask, the impacts would be minimal. Collapse of the
building could drop objects onto the flask, but the impacts are judged not to be sufficient to
damage the fuel inside. Therefore, such impacts are not considered further.
Once offloaded from the ST flask, the irradiated fuel remains underwater in one of the two ponds
in Building 23. These ponds are not enclosed, and the fuel stored underwater is susceptible to
the impact of objects that may fall into the ponds. The only earthquake-induced failure mode of
interest is the structural failure of Building 23 itself, which could result in objects falling into the
ponds. Earthquake-induced structural failure of Building 23 has an unconditional failure
frequency of 1.87E-05 per year. Irradiated fuel is always stored in the ponds. Therefore, the
frequency of building failure leading to the impact of an object on the stored fuel is computed to
be 1.89E-05 per year. This sequence of events is assigned to plant damage state OMSB23, per
Figure 4.4-4.

6.2.1.5.5 POS-10 Loading, Transport from Building 23 to Building 27, and Storage
in Building 27. When the irradiated fuel to be transported is loaded into the general purpose
flask for transport to Building 27, it is judged sufficiently protected from falling objects that may
strike it as a result of structural failure of Building 23. No fuel damage is considered likely.
Also, during transport to Building 27, the GP flask is securely mounted to the transport vehicle,
does not cross any bridges, and is therefore not susceptible to earthquake damage while in route.
Once in Building 27, the GP flask again affords protection against earthquake damage from
falling objects. The dry storage holes are below grade, and therefore also not susceptible to
earthquake damage.

6.2.1.5.5 POS-11 Handling and Storage in Building 59 Dounreay Flasks. The
Dounreay flasks each contain 25 irradiated fuel elements, which have degraded for many years.
The metal Dounreay flasks and surrounding timber provide substantial protection against falling
objects. Therefore, the impacts of falling objects resulting from earthquake^induced structural
failure of Building 59 was judged to be negligible.
During transport of a Dounreay flask from Building 59 to Building 41, the same arguments hold.
Therefore, earthquake impacts were not considered further for this POS.

6.2.1.5.6 POS-12 Storage and Handling in Building 41 Pond. The Dounreay flasks
provide sufficient protection from falling objects during transport from Building 59 to
Building 41. Once in Building 41, the Dounreay flasks again provide protection against
earthquake damage from falling objects.
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Once the irradiated fuel has been removed from the flasks, it will be stored underwater in the
Building 41 pond during the refurbishment of the flasks. There are also some irradiated fuel
elements stored in the Building 41 pond that are not related to Dounreay flask refurbishing. In
affect, more than four fuel elements are stored in the Building 41 pond all of the time.
Once offloaded from the Dounreay flask, the irradiated fuel remains underwater in the
Building 41 pond. The pond is not enclosed, and the fuel stored underwater is therefore
susceptible to the impact of objects that may fall into the pond. The only earthquake-induced
failure mode of interest is the structural failure of Building 41 itself, which could result in objects
falling into the ponds. Earthquake-induced structural failure of Building 41 has an unconditional
failure frequency of 1.87E-05 per year. Therefore, the frequency of building failure leading to
the impact of an object on the stored fuel is computed to be 1.14E-05 per year. This sequence of
events is assigned to plant damage state OMSB41, per Figure 4.4-4.

6.2.1.5.7 POS-13 Transport to Building 41 and Loading of LHRL-120 Spent Fuel
Shipping Cask. When the irradiated fuel to be transported is loaded into the general purpose
flask for transport to Building 41, it is judged sufficiently protected from falling objects that may
strike it as a result of structural failure of Building 27. No fuel damage is considered likely.
Also, during transport to Building 41 from Building 27, the GP flask is securely mounted to the
transport vehicle, does not cross any bridges, and is therefore not susceptible to earthquake
damage while in route.
Once the fuel is offloaded into the pond of Building 41, it is susceptible to damage from falling
objects. The impact of falling objects caused by the structural failure of Building 41 is again of
concern.
To avoid double counting the impacts of earthquake-induced failure of Building 41, the impacts
of such failures are not repeated here; i.e., they are accounted for in the computations for POS-12
where it is assumed that 100% of the time, fuel stored underwater is susceptible to impacts from
falling objects.
The LHRL-120 shipping cask is loaded with fuel and lifted to the bottom impact limiter parked
within Building 41. This shipping cask, once sealed underwater, is judged sufficient to protect
the irradiated fuel from falling objects. No additional risk impacts from earthquakes then needs
to be considered.
6.2.1.6 Results
The initiating event frequencies shown in Table 6.2-7 and the respective top event failure
probabilities at each earthquake interval, as seen in Table 6.2-5, were used as input to the
earthquake initiated sequence frequency quantification. Non-seismic related failures were as
derived for non-seismic initiated events; i.e., per Section 7. Each individual earthquake initiated
sequence with a frequency greater than IE-12 per year was quantified. The summary frequency
results are seen in Table 6.2-10. Table 6.2-10 compares the earthquake initiated sequence
frequencies by category with the HIFAR safety objectives as described in Section 10.
Table 6.2-10 shows that earthquake initiated sequences alone exceed the safety criterion 2; i.e.,
for fuel damage sequences with the RCB bypassed, unisolated, or with all space conditioners
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failed. Earthquake initiated sequences together sum to only a small fraction of the other safety
criterion.
Table 6.2-11 shows the contribution from different earthquake ranges to two sequence
categories; i.e., fuel damage and tritium releases only. The largest contributions to both
categories come from sequences initiated by earthquakes EQ2 and EQ3; i.e., between .1 lg and
.30g. The unconditional component failure frequencies and top event conditional failure
fractions shown in Table 6.2-8 and Table 6.2-5, respectively, reveal why. Failure of seismic Top
Event ZFDC, which has a high failure fraction at these lower earthquake ranges, is assumed to
lead to fuel damage directly. The dominant seismic component failure modeled in Top
Event ZFDC is the reactor shielding block/heavy water plant room, which if failed is assumed to
collapse preventing fuel cooling and to pull loose connecting piping that passes through the
RCB. It is unclear whether such a failure mode would in fact degrade the RCB containment
function. The study team chose the conservative assumption that it would. Therefore, all
seismic failures of the reactor shielding block/heavy water plant room are assumed to lead both
to fuel damage, and to loss of either RCB containment capability or of heat removal via the space
conditioners.
For irradiated fuel outside the RAT, the most significant challenge posed by an earthquake is to
maintain cooling to the fuel stored in the No. 1 Fuel Storage Block. The storage block itself is
located within the RCB, and is therefore susceptible to the same component failures that are
assumed to lead to fuel damage in the RAT; i.e., the reactor shielding block/heavy water plant
room, and the reactor containment building. In addition, the No. 1 Fuel Storage Block relies on
forced cooling provided by the storage block cooling pumps and, as a backup, manual alignment
of mains water supply. The storage block cooling pumps and standby power supplies were
screened out from further consideration due to their relatively high seismic capacity.
However, the mains water tower and Building 4 components required for makeup to mains water
were not screened. Loss of mains water in an earthquake would eliminate the ultimate heat sink
for forced cooling and also preclude manual alignment of mains water for injection. The
frequency of losing the Building 4 components in an earthquake is roughly 3.4E-05 per year.
However, the tower would remain available to provide flow for about 2 days even without
makeup. Therefore the seismic failure of Building 4 components alone is not sufficient to
disable mains water to the No. 1 Fuel Storage Block.
Seismic failure of the mains water tower may preclude all mains water flow to HIFAR. This is
because it is assumed that if the tower tips, underground piping connections are also pulled
loose, precluding pumped makeup flow. The frequency of losing the mains water tower due to
earthquakes is roughly 8.0E-06 per year. Even with this loss, however, there is substantial time
available (about 2 days) to bring in other sources of water to provide makeup to the storage block
and keep the fuel covered. Therefore, since this frequency is less than 10% of the frequency
assigned to loss of mains water from other causes, as discussed in Section 5.5, loss of mains
water to the storage block due to earthquakes is not considered further.
Table 6.2-12 presents the highest frequency earthquake initiated sequences. The table also
confirms that the key sequences all involve failure of Top Event ZFDC, which includes the
reactor shielding block/heavy water plant room component. The different varieties of these
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sequences consider different initial plant states (i.e., program types and plant operating states)
and earthquake ranges, but all involve failure of Top Event ZFDC.
Table 6.2-13 presents the individual seismic component importance measures to a sequence
group made up of just the earthquake initiated sequences that contribute to fuel damage. As
expected, the most important component is the reactor shielding block/heavy water plant room
structure. Elimination of this component from failure consideration would reduce the earthquake
initiated fuel damage frequency by 22%.
The earthquake event trees were also quantified using the earthquake initiating event frequencies
corresponding to the hazard curves for the sensitivity case defined in Figure 6.2-5. The
earthquake initiator frequencies are given in Table 6.2-7. The total fuel damage frequency for
this case was found to be 1.4x10-04 per year or roughly a 75% increase over the base case
results. The contributions of different earthquake ranges to fuel damage frequency and tritium
release frequency are provided in Table 6.2-14. As expected, the increase in these results is
directly proportional to the increase in earthquake initiator frequency for each range of
accelerations.
The seismic failure scenarios for the base case, along with their uncertainties, using the full set of
seismic hazard curves and fragility distribution are combined with other initiating event
scenarios and the results are presented in Section 2.
6.2.2 Bushfires
Bushfires pose a potential threat to HIFAR and its ancillary buildings. In recent years, there
have been a number of bushfire events near Lucas Heights (Reference 6.2-7). A major fire
occurred on December 27,1989, and burned for several days into 1990. The fire was influenced
by winds from the west-northwest; a change in wind direction and speed started the fire from the
south. This fire burned all the way around the southern part of Lucas Heights, right up to the
fence of the Research Laboratory. Backburns were lit on the west side of Lucas Heights in order
to stop the fire in that direction. Although smoke from the bushfire was not a problem and the
HIFAR operators and staff did not have to evacuate the RCB, it did set off numerous alarms at
the site. Another impact of the 1989-1990 bushfire was the loss of the 33-kV offsite power
supply line that crosses the south side the Lucas Heights Research Laboratory (LHRL). The
other independent 33-kV offsite power supply line was not affected by the bushfire.
Another bushfire event occurred in November 1991. This fire burnt in the Holsworthy Military
Training Area on the western side of the Heathcote Road, south of the New Illarawa Road. The
bushfire did not cross to the side of Heathcote Road on which LHRL is located, and, therefore, it
was no where near the HIFAR complex.
Based on the history of bushfires in the Lucas Heights area, bushfires in the general area can be
expected every 8 to 12 years in the area. Those fires have the potential to burn to LHRL site
boundary. The impact of the bushfire on HIFAR and its ancillary buildings is dependent on the
intensity of the fire at the site boundary and the readiness of relevant fire prevention and fire
fighting organizations to combat the threat of the bushfire. The fire intensity is dependent on a
number of factors; i.e., prevailing weather conditions including temperature, humidity, wind
speed direction, and fuel loadings within the area, etc. In addition, the HIFAR site is on flat
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ground, and this will help cut down the intensity of the fire coming over the ridge that the
HIFAR buildings are exposed to. These factors must be addressed in the evaluation of the
potential threat of bushfire to HIFAR and its ancillary buildings as presented below.
The HIFAR buildings complex is surrounded by bushland beyond the boundary fence to the
north, west, and south of the complex. The western fence is approximately 217m from HIFAR;
the nearest part of the northern fence and the nearest part of the southern fence is approximately
194m and 132m, respectively, from HIFAR (Reference 6.2-1). The bushland outside the fence
has been substantially cleared to at least 30m from the fence boundary (Reference 6.2-8).
Damage to HIFAR due to the direct effect of the radiant heat from bushfires is not credible due
to the distance of the bushland from HIFAR, partial shielding of the RCB by other structures,
and the noncombustible materials of the RCB. The steady state temperature of the RCB from a
wall of bushfire flame 5m high and 175m long at a distance of 107m from the building (distance
to the nearest bushland when the analysis was done) calculated by Stewart (Reference 6.2-9)
would be 166°C. Stewart also estimated that the temperature inside the RCB will be maintained
at 22°C by operation of two units of the RCB space conditioning system (SCS). Stewart's
analysis did not consider the partial shielding of the RCB by other structures from the radiant
heat of the bushfire. Taking the above factors (greater distance of HIFAR from the bushland and
partial shielding of the RCB) and the transient nature of the bushfire into consideration, the
steady state temperature of the extension wall of the RCB due to a wall of bushfire flame as
described above would be much lower than the calculated value of 166°C. Moreover, the shell
of the RCB is constructed from steel plates and the inside of the structure is insulated with foil
lined fiberglass materials, which are rated as noncombustibles (Reference 6.2-10).
Buildings housing safety-related equipment such as the pump house and safety-related structures
such as the cooling towers are also exposed to the threat of bushfire. The closest cooling tower
to the western fence is approximately 100m, with the furthest about 160m. The cooling towers
are made of glass-fiber reinforced polyester (GRP) with stainless steel fittings and corrugated
PVC packings, and concrete tower basins (Reference 6.2-11). Even if we assumed that a severe
bushfire at the western fence damages three or four of the cooling towers nearest to the fence, the
cooling capacity of the remaining cooling towers will be adequate to provide the decay heat
removal function after the reactor is shutdown.
Based on the above discussion, it can be concluded that it is not credible for bushfires to damage
the RCB or disable safety-related buildings and structures via radiant heat from the bushfire.
However, embers from nearby bushfires may pose a threat to buildings and structures in the
HIFAR complex, and combustibles in the HIFAR area such as trash and dried vegetation in the
complex may become fire sources (ignited by falling embers), which may then threaten the
buildings and structures in the complex. Buildings in the complex are, however, constructed
mostly of noncombustible materials such as fiber-cement sheet, aluminium clad insulating panels
and bricks, therefore reducing the threat of fire due to falling embers from nearby bushfires.
To further reduce the threat of bushfire on the RCB and the associated safety-related buildings
and structures in the HIFAR complex, ANSTO has put in place procedures, potential fuel
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reduction measures, and equipment for fighting bushfire, as well as provided personnel training,
as listed below (References 6.2-8 and 6.2-12):
•

On an annual basis, the clearing of bush to reduce combustible fuel loading is carried out
based on the recommendation of the fire prevention officer from the Sutherland Shire
Bushfire Control Center located at Heathcote.

•

Annual controlled burns are conducted to reduce fuel build up around the LHRL
perimeter.

•

Extension of ring mains and hydrants have been strategically located at the site and
outside the boundary fence.

•

Clearing of combustible materials around buildings that are exposed to bushland has been
carried out.

•

ANSTO maintains two specially equipped mobile units fitted out with fire hoses, nozzles
and CABA, each staffed by an officer trained in fire fighting. There is also a mobile
pumper unit for back burning operation and controlling spot fires.

•

Procedure and safety instructions are in place for response to bushfire threat; e.g.,
Standing Operating Procedure HEP 3.2 and Safety Instructions No. 82 through 85. The
response to a bushfire threat includes preparing and transporting fire fighting equipment
to the affected areas, attaching fire hoses to hydrants and running them out, contacting the
NSW Fire Brigade and Sutherland Shire Bushfire Service, ensuring adequate water
pressure in the site ring main by starting the fire booster pump, and using fire hoses to
wet roof gutters, walls of threatened buildings and nearby fuel or combustibles.

•

The NSW Fire Brigade is aware of the significance of HIFAR and would ("make all
attempts to") deploy the needed resources if available to the site depending on the
situation.

The NSW Fire Brigade is responsible for protecting buildings onsite upon its arrival.
In addition to the response to bushfire threat described above, the operators must shutdown the
reactor "if there is a fire that might affect the safe operation of the reactor" or "if any other
hazardous conditions arises affecting the safe operation of the reactor" according to
Section 7.7(b) of the HIFAR operating manual.
Bushfires' potential to affect on the offsite power supply to the site as is evident in the
1989-1990 event. In addition, electric power transients at the site caused by bushfires in the area
could result in a reactor trip. An example of this impact occurred in January 1994, during which
a restricted trip occurred due to electric power transients caused by a bushfire in an area away
from Lucas Heights. Electric power transients due to bushfires, however, occurred at much
lower frequency than those due to other causes such as electrical storm in the area. Moreover,
the effect of bushfires on the electric power system would have been accounted for by the
initiating events that include electric power transients.
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Taking into account the distance of the bushland from HIFAR and the associated safety-related
buildings and structures, the noncombustible materials used in the construction of these
buildings and structures, the ANSTO/LHRL program for reducing fuel in and around the HIFAR
complex, and the procedures in place for responding to bushfire threats, it can be concluded that
the frequency of scenarios involving fuel damage due to bushfires is insignificant.

6.2.3 Aircraft Crashes
Airports near Lucas Heights are the Kingsford Smith (Sydney) Airport and the Bankstown
Airport located approximately 19 km northeast and 13 km north of Lucas Heights, respectively.
The Kingsford Smith (Sydney) Airport is used by all types of aircraft: large commercial aircraft,
general aviation, and helicopters; whereas the Bankstown Airport is used by light aircraft
(general aviation) and helicopters only.
Although aircraft are prohibited to fly within one nautical mile of HIFAR below an altitude of
2,000 ft, Lucas Heights lies under one of the main airways into and out of Kingsford Smith
Airport.
The approach used in the assessment of the risk of a potential aircraft crash into the HIFAR
buildings complex is based on the NRC Standard Review Plan (SRP) (Reference 6.2-13), which
provides the required criteria for siting nuclear plants near airports and/or airways in the U.S.
Application of this criteria to HIFAR is judged to be reasonable and perhaps even conservative
since the consequence of an aircraft crashing into a nuclear power plant will be more severe than
that for HIFAR.
According to the SRP, if the distance at which aircraft activity occurs meets the requirements
listed below, the probability of an aircraft accident resulting in radiological consequences greater
than the U.S. 10 CFR Part 100 exposures guideline can be considered to be less than 10"7 per
year:
1. The plant-to-airport distance D is between 5 and 10 statute miles and the projected annual
number of operations is less than 500 D2, or D is greater than 10 statute miles and the
number of operations is less than 1,000 D2.
2. The plant is at least 5 statute miles from the edge of military training routes, including
low level training routes, except for those associated with a usage greater than
1,000 flights per year, or where activities (such as practice bombing) may create an
unusual stress situation.
3. The plant is at least 2 statute miles beyond the nearest edge of an airway, holding pattern,
or approach pattern.
There are no military aircraft training routes within 5 statute miles of HIFAR. Spotter aircraft
are used over the Holsworthy Military Training Area, and there are no longer military helicopters
stationed at Holsworthy. Helicopters, however, have been used for personnel transport to and
from Holsworthy; however, the frequency of such use is limited.
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Bankstown Airport is about 13 km (8 miles) north of HIFAR. The number of flight operations
per year (see Table 6.2-15) at this airport is about 377,000 for 1995, which is much greater than
the above screening criterion number of 500 (8)2 = 32,000. The Kingsford Smith Airport is
about 19 km (11 miles) northeast of HIFAR, and the annual flight operations (see Table 6.2-16)
at this airport is 264,000 for 1995, which again is greater than the above screening criterion
number of 1,000 (11)2 = 121,000. Based on the number of flight operations at the two airports
near Lucas Heights, the aircraft activities do not meet any of the above criteria and the
calculation of the probability of an aircraft striking HIFAR or its ancillary building is therefore
required.
For airways or aviation corridors that pass through the vicinity of the HIFAR site, the probability
per year of an aircraft crashing into the plant, PFA, is given by (Reference 6.2-13):
PFA = C * N * AAV

(6.2.7)

where
C = inflight crash rate per mile for aircraft using the airway.
N = number of flights per year along the airway.
A = effective area of the plant in square miles.
W = width of airway (plus twice the distance from the airway edge to the site when the site
is outside the airway) in miles.
The probability of aircraft crashing into the plant is the sum of the aircraft crash probabilities
estimated for the different types of aircraft. The number of flights over Lucas Heights within a
10 km square area box centered on HIFAR during the month of November 1996 is about 2,500
(Reference 6.2-14). Assuming that this is the average number of flights over Lucas Heights per
month, the annual flight frequency over Lucas Heights is 30,000. Most of these aircraft are
commercial transport jet aircraft. There were no nonjet aircraft observed flying through the
10 km square area over Lucas Heights. According to the Airservices Australia, very few general
aviation jet aircraft operate in this area. For this analysis, it is assumed that the fraction of
general aviation flights over Lucas Heights is less that 5%.
For this analysis, it is assumed that the width of the airway over Lucas Heights along which the
above number of flights passed through is approximately 14.1 km (8.8 miles); that is, equal to
the diagonal distance of the 10 km square area box over Lucas Heights centered on HIFAR.
The inflight crash rate used in this analysis is based on the Australian civil aircraft accident data
from 1985 through 1995 (Reference 6.2-15). Table 6.2-17 provides a summary of the civil
aircraft accident rates per 100,000 hours of flight in Australia. For general aviation, the total
inflight crash rate per 100,000 hours of flight per year averaged over the last 11 years is
12.45 incidents. Assuming the average speed of all these aircraft is 150 mph, the aircraft inflight
crash rate for general aviation in Australia is 8.3E-07 per mile flown. For commercial transport
aircraft, the total inflight crash rate per 100,000 hours of flight per year averaged over the last
11 years is 2.25 incidents. Assuming the average speed of all these aircraft is 300 mph, the

\DIST\REPORT\SECT 6.DOC.01/15/98

6.2-21

aircraft inflight crash rate for commercial transport aircraft in Australia is 7.5E-08 per mile
flown.
The effective target area of a structure is the base area (or roof area) of the structure plus the
"shadow" area. The shadow area is the area of the projection of the structure on the ground to
account for the crash or impact angle of the aircraft on the structure. For this analysis, the RCB
is used as a representative structure to estimate the probability of an aircraft. The RCB is 70 ft in
diameter and approximately 70 ft high. The base or roof area of the RCB is 3,848 ft2, and the
"shadow" area of the building is given by:
(h*d)/tan(9)

(6.2.8)

where h is the height and d is the diameter of the RCB, and 8 is the crash angle of the aircraft.
For this analysis, a crash angle of 30° was used to compute the shadow area. This is a
conservative value based on the U.S. NTSB aircraft accident data, which estimated the average
crash angle for inflight crashes to be about 58°. The effective target area of the RCB is therefore
equal to 12,335 ft2 or 4.42E-04 mile2.
The probability per year of an aircraft crashing into the RCB based on Equation (6.2.7) and the
data provided above is given by the sum of the probabilities of aircraft crashing for general
aviation and commercial air transport, and is given by:
[30,000*(0.05*8.3E-07) + 30,000*(0.95*7.5E-08)]*(4.42E-04)/8.8
(6.2.9)
= 1.8E-07 per year
Assuming that the impact of an aircraft on the RCB will result in core damage of HIFAR, the
frequency of core damage due to aircraft crashes is, therefore, bounded by 1.8E-07 events per
year.
As was stated earlier in this section, the aircraft accident rate was used as the in-flight crash rate
in this analysis. According to the Air Navigation Act 1920 of Australia, an aircraft accident
event includes, but is not limited to, an in-flight crash event. A majority of the accidents were
not in-flight air crashes, and the actual in-flight crash rate is only a fraction of the aircraft
accident rate used in this analysis. The aircraft accident rate, therefore, provides an upper bound
on the in-flight crash rate.
6.2.4 Military Activities
The Holsworthy Military Training Area lies to the north, west, and south of Lucas Heights, with
the boundary of training area following the Heathcote Road and the Woronora River. The
nearest point of the training area is about 400m from HIFAR (Reference 6.2-16).
The Holsworthy Military Training Area includes an artillery range. It is conceivable that
artillery practice conducted in the training area has the potential to lead to a risk scenario of
interest. An assessment of the probability of an artillery round striking HIFAR was performed
by the Army Scientific Adviser (Reference 6.2-17) in April 1981. The analysis was reviewed; it
was determined that the approach taken, the assumptions made, and the results of the analysis are
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reasonable. The estimation of the probability of a shell striking HIFAR in this analysis was
based, in part, on two incidents of artillery shells falling outside the range boundary over a period
of approximately 14 years prior to the analysis. The results of the analysis show that the
frequency of an artillery shell striking HIFAR was estimated to be 4E-07 per year.
More recent data provided by the Army (Reference 6.2-18) have shown that there are no
additional incidents of artillery shells falling outside the range boundary since the Heathcote
Road incident of 1978. There has also been a significant decrease in artillery practice since
1980; some units now go elsewhere for artillery practice. For example, there were 40 days of
artillery practice in 1980 but there have been only 8 days of practice in 1996 as of the end of
October. The number of practice days will probably continue to decrease in future. Therefore,
assuming a like number of shells fired, in a typical practice day, the current average number of
artillery shells fired at the training center per year is now less by about a factor of five when
compared to that in 1980. This will reduce the estimated frequency of a shell hitting the RCB by
approximately the same factor. Based on these findings, it has been determined that the 1981
analysis remains an applicable bound for the current situation, and the updated frequency of a
shell hitting the RCB is about a factor of five less than that estimated in the 1981 analysis. The
updated frequency of a shell hitting the RCB is estimated to be less than 1E-07 per year.
For this study, it is conservatively assumed that an artillery shell striking the RCB will result in
core damage with no containment isolation.
6.2.5 Transportation Accidents
This section addresses the potential hazards to safe operation of HIFAR from accidents arising
from the following modes of transportation in the vicinity of the HIFAR site:
•
•
•
•

Marine (Ship/Barge)
Railroad
Truck
Gas/Oil/Chemical Pipeline

Aircraft accidents have been addressed in Section 6.2.3. The hazards posed by transportation
accidents along navigable waterways, highways and railways, and rupture of gas/oil/chemical
pipelines near the plant site include the following:
•
•

Release of hazardous material toward the plant.
Plant damage due to an explosion or fire.

Plant damage due to collision with plant structures or due to a "rocketing" railcar or vehicle parts
generated in an accident is not credible due to the distance of HIFAR from the highways and
railways near the site. The Woronora River, approximately 2 km to the east of HIFAR, is not a
navigable waterway. And since there are no navigable waterways near the plant site, there are no
hazards posed by accidents involving ships and/or barges.
There are no pipelines transporting gas within 10 km of HIFAR (Reference 6.2-19). Therefore,
there are no credible hazards posed by ruptured pipelines.
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The Illawara railway line passing through Engadine and Heathcote is approximately 3 km from
the HIFAR site. The railway companies that use this line are the City Rail, Freight Rail, and the
National Rail. The City Rail is a commuter rail and does not carry hazardous materials.
National Rail cargo can include steel, coal, explosives, and sodium cyanide pellets on the
Illawara line through Engadine. Ammonia and chlorine may be transported via this line only if
there is a problem in using the normal route, which is the Sydney-to-Melbourne line. Using the
Illawara line to transport chlorine and ammonia by the National Rail is, therefore, an infrequent
event.
The only hazardous material of concern transported on the Illawara railway line is sodium
cyanide with 0.5 - 2% of caustic soda added. This material is used for gold mining
(Reference 6.2-20). The cyanide is transported in pellet form stored in containers, each of which
is 6. lm in length and weighs about 15 to 20 tonnes. The cyanide compound when released from
the containers in the event of an accident, does not react with air but dissolves in water. Sodium
cyanide does react with acid to form the hazardous hydrogen cyanide gas. The cyanide
compound in pellet form, when transported by rail, is kept at least 250 meters away from any
acid on the train. In addition, when the railway transports the cyanide pellets, it does not
transport any fuels or liquids on the same train. This practice will preclude the railway accident
scenario in which burning fuel (spilled and then ignited during the accident) comes into contact
with the cyanide pellets spilled from their containers. Such a scenario could potentially result in
the release of gaseous cyanide compound into the air.
Explosives carried on the Illawara line are the types used for mining. About 15 to 40 tonnes of
explosives are transported once a week through this railway line. This amount of explosives has
a damage radius of about 800 meters—meaning that a person might be hurt from falling, broken
glass at that distance, but would not be affected directly by the blast (Reference 6.2-20). Since
the Illawara line passing through Engadine and Heathcote is approximately 3 km from the
HIFAR site, the blast due to the accidental detonation of the explosives carried by the rail
company on the Illawara line will have no effect on HIFAR. Therefore, there are no hazards
posed by railway accident events for HIFAR.
The main road near HIFAR along which hazardous chemical may be transported is Heathcote
Road. Heathcote Road, however, is not a major road for the transportation of hazardous
chemicals between suppliers and their major customers (Reference 6.2-21). The Heathcote Road
and the New Illarawa Road are used by suppliers of certain hazardous materials for local
demands, such as those of ANSTO and the Holsworthy military base, as well as a route to other
destinations. The hazardous materials for local demands are primarily petrol and diesel.
ANSTO receives petrol delivery about once every 3 months, and it also gets modest shipments
of bulk carbon dioxide, nitrogen, argon, and LPG. A major supplier of petrol and diesel,
AMPOL oil refinery, uses the Heathcote Road about once every 3 weeks for a maxi tanker,
which holds 40,000 liters petrol or 36,000 liters diesel. Mobil Oil uses the Heathcote Road at a
rate of six petrol trucks (average capacity of 40,000 liters) per day, for 6 days a week for delivery
of the fuel from the company site at Silverwater to Wollongong. The fuels transported do not
pose a threat to HIFAR since an accident involving tankers carrying petrol or diesel do not
release a significant quantity of toxic or hazardous materials toward the HIFAR site. Moreover,
fires as a result of such accidents will not affect HIFAR and its ancillary buildings due to the
distance of the facilities from the road. In addition, BLEVE (boiling liquid expanding vapor
explosion) is not credible from an accident involving a petrol or diesel carrying truck because of
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the physical properties of the petrol and diesel, and that the containers for the fuels are not
pressurized.
Explosives for the Holsworthy military base are delivered from the Orchard Hills Ammo depot
approximately 3 to 4 times a year. About 10 tonnes of the explosives are shipped each time in an
explosive qualified vehicle or truck. The shipment of the explosives, however, do not pass
through the Heathcote road but instead through Liverpool to north (Reference 6.2-21).
Based on the discussions above, it can therefore be concluded that there are no significant risk
scenarios posed by road accident events near HIFAR. It can also be concluded that there are no
significant risk scenarios posed by transportation accidents in general for HIFAR.
6.2.6 Industrial Activities
Nearby industrial activities may pose a threat to the safe operation of HIFAR if an accident
occurs in a nearby industry complex that results in the release of toxic and hazardous materials
toward the HIFAR site. The potential effect of a nearby industrial accident on HIFAR is
therefore similar to that of transportation accidents involving hazardous materials near HIFAR.
The ANSTO Business and Technology (BAT) Park is located on the northern side of the main
LHRL area. The companies that lease the buildings in the BAT Park are the Tetley
Manufacturing Pry. Ltd., ATA Scientic, and Bilyara and Whitesmith Australia Pty. Ltd. A
review of the LHRL Dangerous Goods Inventory List (Reference 6.2-22) was conducted to
determine the hazardous materials stored at these locations. The results of the review indicated
that there are no potential threats to the habitability of the HIFAR control room from the
hazardous materials store at the BAT.
A review of the list of sites for storage of dangerous goods licensed under the Dangerous Goods
Acts, 1975 within an 8 km radius of Lucas Heights (Reference 6.2-23) reveals that there are no
oil refineries, chemical plants, plastic manufacturing plants, or any industrial complexes that
handle large quantities of hazardous materials. However, a paint manufacturing plant is located
within 8 km of HIFAR. The types and quantity of the hazardous materials stored in that location
pose no threats to HIFAR. The hazardous materials stored at sites within 8 km of HIFAR were
also reviewed. Based on the type of material, quantity, the distance of the storage site for the
material from HIFAR, and conservative calculation of the potential impact on HIFAR when
released to the environment, it was concluded that the hazardous materials stored in facilities
located within 8 km of HIFAR pose no threat to the safe operation of the reactor.
There are, therefore, no hazards posed by industrial activities near HIFAR.
6.2.7 Extreme Winds and Tornadoes
Strong wind can affect critical structures at the plant site in at least two ways. If the wind forces
exceed the load capacity of a building or other external facility, the incident walls or framing
might collapse, or the structure might overturn from excessive loading. If the wind is
sufficiently strong, as in a tornado, it may be capable of lifting materials and trusting them as
missiles against some of these critical facilities. Safety-related equipment or other contents of
facilities not designed to resist missile penetration might be damaged and lose their function.
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This section presents the analysis of the risk to the HIFAR facilities from wind loadings and
from missiles generated by tornadoes. The analysis consists of the following steps:
•

Wind Hazard Analysis. This step involves the determination of the frequency of winds
of various velocities at the site.

•

Fragility Analysis. This step involves determination of the wind velocity at which plant
structures are predicted to fail. (Failure of the structure is usually considered to include
failure of all components within the structure).

•

Tornado Missile Analysis. This step involves determination of the probability that
tornado-generated missiles will penetrate barriers and impact on safety-related
components.

•

Wind Scenario Analysis. This step involves definition and quantification of scenarios
induced by wind damage that are significant.

The wind induced damage scenario is significant only if the frequency and extent of the wind
damage is significant relative to the damage caused by the other hazards or initiating events.
6.2.7.1 Wind Hazard Analysis
The analysis for wind hazard is based on the wind data at the Kingsford Smith (Sydney) Airport
(Reference 6.2-24). Wind data from the Kingsford Smith Airport used in this analysis date back
to 1939. The data from the site are rather limited and are therefore not used. Moreover, the
58 years of data available are not a long enough period to adequately predict small frequencies
associated with extreme events, and there is uncertainty in the predicted values. Therefore, a
model is needed to predict the frequencies of extreme wind velocities as described below.
The analysis (Reference 6.2-25) is based on the assumption that the wind speed data fit a type I
extreme value distribution (Gumbel distribution):
F(V) = exp [- exp{-a (V - u)}]

(6.2.10)

and is used in ANSI Standard A58.1-1982. In this expression, V is the wind velocity; u and a
are the location and scale parameters, respectively. The method of moments is an acceptable
approach for determining the estimators for the Type I distribution, and the estimates for the
parameters can be expressed in terms of the mean "x" and standard deviation "s" of the wind
data sample. Equation (6.2.10) can be inverted to give the estimated wind speed corresponding
to a specific mean recurrence interval, N:
VN = x + s ( y - 0.5772) -JE/n

(6.2.11)

where
y = - In [- In (1 - 1/N)]

(6.2.12)

Equation (6.2.11) is considered to represent the median hazard curve for the site.
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The uncertainty in the hazard curve comes mainly from the sampling error due to small number
of records. The estimate of standard deviation of sampling error, based on the method of
moments, is given by:
SD(VN) = [n2f6 + 1.1396(y - 0.5772) n/46 + l.l(y - 0.5772)2]1/2 -JZ sin Vn

(6.2.13)

where n is the sample size. To find two-sided confidence limits on the hazard curve, wind
speeds at each frequency are assumed to be normally distributed. This is a reasonable
assumption from the central limit theorem for sample sizes n, larger than 10 (Kingsford Smith
Airport data has n = 58). The lower and upper bound wind speed exceedence curves for two
sided 99th percentile value are:
VN ± 2.7*SD(VN)

(6.2.14)

The probability of exceeding some threshold value of wind speed is the inverse of the mean
recurrence interval; i.e.,
P(V N >V) = 1/N

(6.2.15)

Two sets of wind speed data from the Kingsford Smith Airport were used for this analysis. The
first set of data consisted of wind speeds taken at 3-hour intervals. The second set of data is
consisted of the wind gust velocity for each day. The daily maximum sustained wind (over a
minute) may be greater than the maximum of the 3-hourly readings but is very likely to be less
than the wind gust velocity. It is assumed for this study that the daily maximum sustained wind
(over a minute) is the mean of the wind gust velocity for the day and the maximum of the
3-hourly readings for that day. The maximum sustained wind for the year was then determined
from these daily maximum sustained wind speeds. The yearly maximum sustained wind speeds
are taken to be the 1 -minute wind speeds. These wind speeds were converted to the fastest-mile
wind speeds to be consistent with the use of ANSI Standard A58.1. According to McDonald
(Reference 6.2-25), above 60 mph, the relationship between fastest-mile wind speed and the
fastest-1-minute wind speed is:
V(Fastest Mile) = 1.17 V(Fastest 1 -Minute) - 10.34

(6.2.16)

The hazard (frequency exceedence) curves in terms of the fastest-mile wind speed for the Lucas
Heights based on the Kingsford Smith Airport data are shown in Figure 6.2-6.
A simplified approach is used to estimate the hazards associated with tornadoes. Hazard due to
tornado-generated missiles is discussed in Section 6.2.7.3 below. The probability of wind
associated with a tornado exceeding a certain threshold value impinging on a structure at the
HIFAR site is dependent on the tornado strike frequency and the conditional probability of the
wind exceeding the threshold value.
The frequency of tornado occurrences at the LHRL site is based on the tornado occurrence data
for the Sydney area. It was suggested by Elsom and Meaden (mentioned in Reference 6.2-26)
that increase in surface roughness of a location (e.g., the rugged terrain around Lucas Heights)
suppresses the formation or maintenance of (at least weak) tornadoes. This implies that the
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frequency of tornado occurrence estimated from the Sydney area data is conservatively
applicable to Lucas Heights. The tornado strike frequency, <£, at the HIFAR site, based on the
point target strike model, is given by:
<D = n * W / A

(6.2.17)

where
O
W
A
n

=
=
=
=

the annual frequency of a tornado striking the plant.
the mean path area of the tornado.
the reference area over which tornado data is accumulated.
the mean number of tornado occurrences per year in the reference area.

The above equation assumes that the likelihood of a tornado occurrence is equally probable
everywhere within the reference area.
The tornado hazard assessment method (Damage Area r>er Path LEngth or DAPPLE) developed
by Abbey and Fujita (Reference 6.2-25) relates the tornado strike frequency to the probability of
wind speed. This is done by accounting for gradation of damage along the length and width of
the path in terms of mean path length. Therefore, the tornado strike frequency with wind speed,
V, at the HIFAR site is given by:
O(V) = n * [L * DAPPLE(V)]/A

(6.2.18)

where L is the mean path length of tornadoes, and DAPPLE(V) is the damage area per path
length, which varies with F-scale and specified wind speed V. The DAPPLE values have been
empirically computed based on the data from 149 tornadoes that occurred in April 1974 for
violent (Fugita class F4 or F5), strong (F2 or F3), and weak (FO or Fl) tornadoes. Recently,
empirical equations have been proposed for the mean DAPPLE values:
DAPPLE = 10N (miles)

(6.2.19)

where
N
N
N
V

=
=
=
=

-0.00078V1496 for violent tornadoes.
-0.00263V1342 for strong tornadoes.
-0.00930V1-29'3 for weak tornadoes.
the maximum wind speed in mph.

Table 6.2-18 shows the change in DAPPLE values for violent, strong, and weak tornadoes.
There are other factors that might impact the tornado strike frequency with wind speed V that are
not considered due to lack of data to support the analysis of these factors. The impact of some of
these factors is to lower the tornado strike frequency, while others may increase the tornado
strike frequency or have insignificant impact on the frequency.
Based on more recent tornado data (Reference 6.2-26), the frequency of tornado occurrences in
the Sydney area is about 6 per year over an area of 26,000 km2, or about 2.3E-04 per year per
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km2 (5.89E-04 per year per mile2). In a technical report by S. C. Allen of the Bureau of
Meteorology (Reference 6.2-27), the estimated tornado occurrence frequency for the Sydney
area, based on data from 1950 through 1959, was 7.4E-05 per year per km2. The higher
frequency value based on more recent data is used in this analysis. No information on the mean
path length of tornadoes in the Sydney area is available. However, the mean path length for
tornadoes in NSW had been estimated (Reference 6.2-27) to be about 7 km (4.4 miles), and this
value is used for tornadoes in the Sydney area. Of the 53 tornadoes analyzed in
Reference 6.2-27, there are 37 weak (F0 and Fl) and 17 strong (F2 and F3) tornadoes in NSW.
No tornadoes were positively identified as being above F3. These fractions of the weak and
strong tornadoes are used to partition the tornado strike frequency into that for the strong and
weak in the Sydney area. The tornado strike frequency with wind speed V for the HIFAR site is
provided in Table 6.2-19. This is also, the tornado wind exceedence frequency due to the use of
the point target strike model in the analysis. The tornado wind exceedence frequency curve is
also presented in Figure 6.2-6. A combined tornado and straight wind hazard curves is obtained
by summing the exceedence frequency curves associated with tornadoes and straight winds as
shown in Figure 6.2-7.
6.2.7.2 Wind Fragility Analysis
The structures at HIFAR are constructed of concrete, steel, or a combination of both. Typically,
engineered reinforced concrete structures have a mass that precludes failure from wind forces,
whereas seismic forces generally will govern failure stresses or overturning. On the other hand,
steel or wood-framed structures generally can be susceptible to failure from exceptionally high
wind forces even if designed in accordance with local building codes.
In probabilistic risk studies such as is being performed for the HIFAR plant, forces such as wind
are projected as exceeding those used as a basis for design, but with a frequency much lower
than is expected during the plant's life. In line with the philosophy in this risk assessment of
minimizing detailed calculations of plant component fragilities, the assignment of wind
fragilities to structures at HIFAR was based largely on the inspection of the risk-related
structures and the experience gained in assessing the wind capacity of similar structures in other
risk studies. Since most structural calculations for the HIFAR facilities were unavailable for
review of the design basis, some assumptions have been made. Indications from engineers
currently at HIFAR are that the structures have been designed in accordance with the building
code in effect at the time of design. In the 1950s when most of the structures were designed, the
design wind loading is said to have been about 47m per second. That is equivalent to about
106 miles per hour, about equal to the 110 mph wind speed frequently used at that time in the
U.S. Higher buildings had slightly increased wind load but were designed accordingly. Also,
circular structures were given some relief (about two-thirds of normal wind loading), and all
wind-based stresses were allowed to be increased by one-third over normal live and dead loading
stresses.
Assuming that structure steel used at the time was 60,000 psi yield as was typical in the U.S.,
with a design allowable stress of about 33,000 psi with a one-third increase for wind loading,
there appears to be a 1.4 safety factor as a minimum against failure. Therefore, for braced or
rigid framed structures, we can assume a mean wind capacity of 1.4 x 106 = 150 mph. For
buildings with little bracing, we can assume less capacity, say 80 mph. It is understood that,
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historically, the general area has witnessed wind gusts of up to 50 or 60 mph without engineered
structure failures so these assumptions seem to be reasonable.
The median wind capacities have been assigned to the HIFAR structures based on the foregoing
discussion, and they are presented in Table 6.2-20. The capacities may be slightly conservative
in some cases because no consideration has been given to structure curvatures or the wind
protection of some structures from adjacent structures. Also, the assumption is made that siding
on these buildings would not fail under wind loading. In fact, sidings or glass are known to fail
under high wind loadings due to excessive shear or bending stresses or, as often is the case with
metal siding, from failure of their fasteners. This is especially true on the leeward side of the
building where siding is subjected to negative wind pressures and fasteners have not been
designed for negative loads. Such siding failures can relieve the wind load to the building frame
and thereby avoid building collapse. Siding failure relieving building frame loads is not
considered in these wind capacity assignments. Table 6.2-20 also shows the high confidence low
probability of failure (HCLPF) values for the HIFAR structures' wind capacities. The HCLPF
values were judgmentally assigned to the HIFAR structures to reflect the uncertainties in the
wind capacities estimated for the HIFAR structures.
6.2.7.3 Tornado Missiles Analysis
Missiles generated by tornadoes may cause damage if they impact safety-related equipment or
structures housing such equipment. The analysis of tornado-generated missiles is a highly
complex problem. Several factors must be considered such as tornado strike frequency and
intensity, as well as plant site characteristics and potential sources of missiles. In this analysis, a
simplified approach that uses the results of past, more detailed, computer simulation analysis is
adopted. In the past study (References 6.2-28 and 6.2-29), a probabilistic Monte Carlo
simulation was applied to predict the risk posed to a hypothetical nuclear plant by
tornado-generated missiles. The study postulates an initial spectrum of available missiles and
evaluates the wind field in the tornado, missile injection and transportation, missiles impact
velocities, and potential damage to plant structures.
The study also included a tornado data analysis that evaluated the occurrence frequency of
tornadoes in different regions in the U.S. defined by the U.S. Nuclear Regulatory Commission
(NRC). With a given tornado occurrence frequency by NRC region, a spectrum of missile types,
and a representative number of potential missiles in a plant as input data, the study estimates the
annual impact and damage frequency to structures at a hypothetical plant. For example, a typical
result of the study for a single unit operating plant in NRC region I (thought to be representative
of the Sydney area per Reference 6.2-26 in terms of tornado occurrence frequency), with a
tornado occurrence frequency of 2.29E-03 per year, is:
•
•

PN: 1.23E-04 per year.
PL: 1.96E-05 per year.

where PN is the probability that any tornado-generated missile hits the plant structures, and PL is
the probability that a missile impacts with sufficient force to cause back scabbing (loss of
material on the building interior) if all the plant structures had 6-inch concrete walls. The results
are based on a typical single unit plant layout to establish the target envelop and six missile types
(from wood beam to automobile) with a total of 6,000 missiles.
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To apply the above results to the HIFAR plant, the following have to be considered:
•

The above missile impact and damage frequencies were calculated based on a tornado
strike frequency of 2.29E-03 per year. The estimated tornado strike frequency for
HIFAR, based on the tornado occurrence frequency of 2.3E-04 per year per km2 and the
mean path area of the 53 tornadoes in NSW of 2 km2 (Reference 6.2-27), is 4.6E-04 per
year. Scaling the impact and damage frequencies with the HIFAR tornado strike
frequency yields the following results:
—
—

•

PN: 2.5E-05 per year.
PL: 3.9E-06 per year.

The 6,000 missiles considered in the study is much more than the number of potential
missiles observed during a plant walkdown. The missile impact and damage frequency
is a strong function of the number of missiles assumed in the analysis.

•

The structures in a typical nuclear power plant is much greater in dimensions than those
in the HIFAR complex. Therefore, the total exposed area of the structures in a nuclear
plant for missile hits are much larger than that for those in HIFAR.

•

To apply the above results to a specific plant structure of interest, the missile impact and
damage frequencies must be scaled down by a factor approximately equal to the ratio of
the exposed area of the target structure to the total exposed area of the plant structures.

•

Missiles that cause scabbing of a concrete wall do not necessarily cause structural failure,
nor do they necessarily cause sufficient damage components near the wall so as to lead to
their failure.

If it is assumed that a structure is damaged due to missile impact with sufficient force that will
cause back scabbing of structure with 6-inch concrete walls, and that such damage will result in
HIFAR core damage, then the core damage frequency due to tornado-generated missiles, taking
into account all of the factors provided above that impact the frequency of damage by the
missiles, will be much less than 1E-06 per year.
6.2.7.4 Wind Scenario Analysis
The results of the wind hazard analysis indicate that the straight wind hazard dominates for wind
speed less than 100 mph (160 km/h) and the tornado wind hazard dominates for wind speed
greater than 100 mph. The combined straight wind and tornado wind hazards is shown in
Figure 6.2-7. The results of the wind fragility analysis is provided in Table 6.2-20. The
approach used in the development of wind hazard scenarios involves the definition of wind
hazard initiating events and the impacts of the wind initiators on the plant. The approach
consists of the following steps:
1. A wind hazard initiator is defined for a range of wind speed or velocity in the same way a
seismic initiator is defined for a range of ground acceleration values (see Section 6.2.1).
The selection of the appropriate ranges of wind speed for the initiators is based on the

\DIST\REPORT\SECT 6.DOC.01/15/98

6.2-31

median wind capacities and the HCLPF values for the HIFAR structures. The ranges of
wind speed and thus, the wind initiators, defined for this analysis are shown in
Table 6-21. The wind initiators are labeled WIND1 through WIND6. The mean annual
frequencies at the designated ranges in wind velocity are also shown in the table.
2. Compute the conditional failure fractions at each discrete wind velocity range for each
structure in HIFAR. The structures at HIFAR can be categorized into two groups, A
and B, based on the median wind capacities and the HCLPF values for the structures.
Group A structures (e.g., Substation No. 1) has a median wind capacity of 80 mph, and
Group B structures (e.g., RCB) has a median wind capacity of 150 mph. The conditional
failure fractions at each discrete wind velocity ranges for the two groups of structures are
shown in Table 6-22.
The computation of the mean annual frequencies at designated wind velocity ranges and the
failure fractions were performed using the External Events Analysis module of RISKMAN.
Based on the wind hazard initiators defined above, the wind scenarios defined for this analysis
are provided in Table 6-23. Failure of Group A structures implies the loss of Substation No. 1,
Rig Diesel Building, and ECR Ventilation Blower Shed, and failure of Group B structures results
in core damage. Offsite power is expected to be lost for all the wind initiators.
A wind event pretree was developed to model the impact of the wind-induced loss of the HIFAR
structures on the plant model. There only two top events for this pretree: GSA for Group A
structures and GSB for Group B structures. The wind events pretree is shown in Figure 6.2-8.
The split fractions (conditional failure fractions) for the top events for different wind initiators
are given in Table 6.2-23.
The summary of the contributions to core damage frequency and frequency of tritium release
from the wind initiators is presented in Table 6.2-24. These results are for POS-1
through POS-5. The risk impact of wind on HIFAR for POS-6 through POS-13 is discussed in
the section below.
6.2.7.5 Risk Impact of Winds on Fuel Handling, Transport, and Irradiated Fuel
Storage
The impacts of winds discussed above address HIFAR fuel while it is contained in the RAT; i.e.,
for POS-1 through POS-5. This section discusses the impacts of wind events on HIFAR fuel in
POS-6 through POS-13; i.e., when the irradiated fuel is not in the RAT. The handling, transport,
and storage of irradiated fuel outside the RAT is considered in these POSs. Section 4.3 describes
the fuel processes represented by these POSs. The risk impacts of wind events in POS-6 through
POS-13 are discussed below.

6.2.7.5.1 POS-6 Fresh Fuel Handling and Storage. Building 17 contains the fresh fuel
storage vault that is made of reinforced concrete. Since the storage block is inside the building,
it is not susceptible to wind events. Building 17 is assigned a median wind capacity of 150 mph.
Failure of Building 17 due to wind, however, would not significantly impact the fuel storage
vault constructed inside it, nor the fuel it contains. If fresh fuel is being handled at the time of
the wind event, failure of Building 17 could impact the fuel being handled. However, this fuel is
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not irradiated, and the number of fuel elements handled outside the vault at any one time is not
sufficient to yield a critical mass. Therefore, no appreciable release of radioactive material is
possible and the impacts of wind is not considered further for POS-6.
6.2.7.5.2 POS-7 Irradiated Fuel Element Section of the No. 1 Storage Block. The
No. 1 Storage Block is contained in the RCB and is, therefore, protected from high wind events.
It is, however, susceptible to the wind-induced failures of the RCB. However, such
wind-induced failure modes are already assumed to result in damage to fuel inside the RAT and
to degradation of the RCB. The additional failure of the storage block as a result of impact of the
RCB would add to the total amount of radioactive material released. However, it is recognized
that these impacts are as a result of the same structural failure events that damage fuel in the
RAT. Therefore, it was decided not to double count this occurrence frequency by adding the
frequency of damage of the fuel in the storage block to that already computed for damage of fuel
while still in the RAT.
The cooling pumps and heat exchangers for the No. 1 Storage Block is located outside the RCB.
These components are well protected and anchored, and are judged not to be susceptible to wind
events of interest in this study. Cooling for the No. 1 Storage Block requires electric power for
operation of the cooling pumps, and the availability of mains water as the ultimate heat sink.
Although offsite power to HIFAR is susceptible to failure during extreme wind conditions, the
EPSS onsite electric power system (in Building 70) should be available provided the wind events
do not cause the failure of Building 70. However, much of the time that Building 70 would be
lost due to wind events, the RCB would also fail; again we do not wish to double count impacts
of the same event. Therefore, loss of the No. 1 Storage Block cooling system due to wind events
is determined to be of negligible frequency.
Wind-induced failures of the mains water supply to the No. 1 Storage Block cooling system
would disable heat removal via the normal cooling system, and preclude the use of mains water
as a backup makeup system. The frequency of losing mains water due to wind events is
determined by the fragility of the mains water tower. The mains water is estimated to have a
median wind capacity equal to or greater than that for the strongest structure in the HIFAR
complex. Therefore, much of the time that mains water would be lost, the RCB would also fail.
As mentioned above, we do not wish to double count impacts of the same wind event.
Therefore, wind-induced failures of the No. 1 Storage Block or its cooling systems are not
considered further.
6.2.7.5.3 POS-8 Shearing and Transport via FE Flask and the ST Flask. The
transport of irradiated fuel elements from the No. 1 Storage Block to the ST flask, through the
VAL ,and to Building 23 are considered in POS-8. While in the RCB, the irradiated fuel is
sheltered from the wind events, and RCB failure due to wind events is already assumed to result
in fuel damage of the fuel still in the RAT. There may be additional fuel damage within the ST
or FE flask caused by the impact of the failed RCB, but the radioactive material release from
these flasks would be comparatively small. Also, quantification of such impacts would be
double counting of the wind occurrence frequency impacts. Therefore, such impacts are not
considered further.

6.2.7.5.4 POS-9 Storage and Handling in Building 23. If a wind event occurred while
the irradiated fuel was still in the ST flask, the impacts would be minimal. Collapse of the
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building could drop objects onto the flask, but the impacts are judged not to be sufficient to
damage the fuel inside. Therefore, such impacts are not considered further.
Once offloaded from the ST flask, the irradiated fuel remains underwater in one of the two ponds
in Building 23. These ponds are not enclosed, and the fuel stored underwater is susceptible to
the impact of objects which may fall into the ponds. The only wind-induced failure mode of
interest is the structural failure of Building 23 itself, which could result in objects falling into the
ponds. Wind-induced structural failure of Building 23 has an unconditional failure frequency of
6.44E-06 per year. Irradiated fuel is always stored in the ponds. Therefore, the frequency of
building failure leading to the impact of an object on the stored fuel is computed to be 6.44E-06
per year. This sequence of events is assigned to plant damage state OMSB23, per Figure 4.4-4.

6.2.7.5.5 POS-10 Loading, Transport from Building 23 to Building 27, and Storage
in Building 27. When the irradiated fuel to be transported is loaded into the general purpose
flask for transport to Building 27, it is judged sufficiently protected from falling objects that may
strike it as a result of structural failure of Building 23. No fuel damage is considered likely.
It is very unlikely that the GP flask will be transported from Building 23 to Building 27 during
severe wind conditions, since extreme winds may topple high profile vehicle. It can therefore be
concluded that the risk associated with the transportation of the GP flasks due to extreme winds
is insignificant.
Once in Building 27, the GP flask again affords protection against wind damage from falling
objects. The dry storage holes are below grade, and therefore also not susceptible to wind
damage.
6.2.7.5.6 POS-11 Handling and Storage in Building 59 Dounreay Flasks. The
Dounreay flasks each contain 25 irradiated fuel elements, which have degraded for many years.
The metal Dounreay flasks and surrounding timber provide substantial protection against falling
objects. Therefore, the impacts of falling objects resulting from wind-induced structural failure
of Building 59 was judged to be negligible.
During transport of a Dounreay flask from Building 59 to Building 41, the same argument
presented for flask transportation in POS-10 holds. Therefore, wind impacts were not considered
further for this POS.

6.2.7.5.7 POS-12 Storage and Handling in Building 41 Pond. The Dounreay flasks
provide sufficient protection from falling objects during transport from Building 59 to
Building 41. Once in Building 41, the Dounreay flasks again provide protection against wind
damage from falling objects.
Once the irradiated fuel has been removed from the flasks, it will be stored underwater in the
Building 41 pond during the refurbishment of the flasks. There are also some irradiated fuel
elements stored in the Building 41 pond that are not related to Dounreay flask refurbishing. In
affect, more than four fuel elements are stored in the Building 41 pond all of the time.
Once offloaded from the Dounreay flask, the irradiated fuel remains underwater in the
Building 41 pond. The pond is not enclosed, and the fuel stored underwater is therefore
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susceptible to the impact of objects that may fall into the pond. The only wind-induced failure
mode of interest is the structural failure of Building 41 itself, which could result in objects falling
into the ponds. Wind-induced structural failure of Building 41 has an unconditional failure
frequency of 6.44E-06 per year. Therefore, the frequency of building failure leading to the
impact of an object on the stored fuel is computed to be 6.44E-06 per year. This sequence of
events is assigned to plant damage state 0MSB41, per Figure 4.4-4.

6.2.7.5.8 POS-13 Transport to Building 41 and Loading of LHRL-120 Spent Fuel
Shipping Cask. When the irradiated fuel to be transported is loaded into the general purpose
flask for transport to Building 41, it is judged sufficiently protected from falling objects that may
strike it as a result of structural failure of Building 27. No fuel damage is considered likely.
Also, it is very unlikely that GP flask will be transported from Building 41 to Building 27 during
severe wind conditions, since extreme winds may topple high profile vehicle. It can therefore, be
concluded that the risk associated with the transportation of the GP flasks due to extreme winds
is insignificant.
Once the fuel is offloaded into the pond of Building 41, it is susceptible to damage from falling
objects. The impact of falling objects caused by the structural failure of Building 41 is again of
concern.
To avoid double counting the impacts of wind-induced failure of Building 41, the impacts of
such failures are not repeated here; i.e., they are accounted for in the computations for POS-12 in
which it is assumed that 100% of the time, fuel stored underwater is susceptible to impacts from
falling objects.
The LHRL-120 shipping cask is loaded with fuel and lifted to the bottom impact limiter parked
within Building 41. This shipping cask, once sealed underwater, is judged sufficient to protect
the irradiated fuel from falling objects. No additional risk impacts from wind events then needs
to be considered.
6.2.7.6 Wind Initiator Results Compared to HIFAR Safety Objectives
The results of the wind initiators analysis compared to the safety objectives for HIFAR is shown
in Table 6.2-25.
6.2.8 Onsite Activities
Activities within the HIFAR site that may impact the safe operation of the plant are accidents
involving the handling and storage of toxic chemicals, flammable gases, and corrosive and
cryogenic liquids. Of concern is the release of the hazardous materials into the atmosphere that
will affect the habitability of the HIFAR control room in the RCB. The threat of onsite releases
of hazardous materials and their impact on the habitability of the HIFAR control room is
dependent on the location of the accident and the amount of the hazardous material released. A
review of the LHRL Dangerous Goods Inventory List (Reference 6.2-22) was conducted to
determine the location of hazardous materials stored at the LHRL, and, in particular, the HIFAR
site; that is, within the security fence of HIFAR. The list provides the materials stored in LHRL,
the locations where the materials are stored, and the quantity of the each material stored at the
locations. The results of the review indicated that there are no potential threats to the habitability
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of the HIFAR control room from the hazardous materials store at the HIFAR site in particular,
and at LHRL in general.
Another threat of onsite activities to the safe operation of HIFAR are vehicle accidents within the
HIFAR site resulting in direct vehicle impact on safety-related equipment and/or structures
housing safety-related equipment. HIFAR has procedures restricting vehicle use in the area.
Moreover, the speed of vehicle within the HIFAR area is sufficiently low that any accident
impact of the vehicle with a structure in the area would result in very minor damage to the
structure.
Based on the above discussion, it is concluded that the threat of onsite activities on the safe
operation of HIFAR is insignificant.
6.2.9 External Events Results
The results of the external events analysis compared to the HIFAR safety objectives are shown in
Table 6.2-26.
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Table 6.2-1 (Page 1 of 2). Natural and Man-Made External
Events to be Considered in a PSA
Event
Aircraft Crashes
Avalanche
Biofouling
Coastal Erosion
Drought
External Flooding
Extreme Winds and
Tornadoes
Fog
Forest and External Fires
Frost
Hail
High Tide, High Lake
Level, or High River Stage
High Summer
Temperatures .
Hurricane
Ice Cover
Ice Storm
Industrial Activities
Landslide
Lightning
Low Lake or River Water
Level

Relevant Screening
Criteria*
—
3
4

Remarks

3
4
3
"

Requires analysis.
Site location precludes event.
Impact on secondary cooling water and
main water systems only.
Site location precludes event.
Bounded by loss of H2O pumps.
Site location precludes event.
Requires analysis.

1
—
1
1
3

Impact transportation accidents.
Requires analysis of bushfire.
Less severe impact than snow and ice.
Other sources of missiles more severe.
Site location precludes event.

1

Bounded by loss of H2O pumps.

3
3
3
—
1

Site location precludes event.
Site location precludes event.
Site location precludes event.
Requires analysis.
Considered in site selection criteria
and plant design.
Included in plant design.
Considered in analysis of loss of heat
sink; may involve consideration of
degradation of water quality.
Included in plant design.
Small frequency.
Mechanism not identical at site.
Requires Analysis.
Included in the analysis of onsite
activities.

1
4

Low Winter Temperature
1
Meteorite
2
Microbe Induced Corrosion
—
Military Activities
—
Missiles from High Energy
4
Equipment
*Legend:
1. The event is of equal or lesser damage potential than the events for which the plant has
been designed.
2. The event has a significantly lower frequency of occurrence than other events with
similar consequences.
3. The event cannot occur close enough to the plant to affect it.
4. The event is included in the definition of another event.
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Table 6.2-1 (Page 2 of 2). Natural and Man-Made External
Events to be Considered in a PSA
Event

Relevant Screening
Criteria*

Pipeline Accident (Toxic
Material, Flammable
Material or High Pressure)
Onsite Activities
Intense Precipitation
River Diversion

—
4
4

Sandstorm
Seiche
Sinkhole

3
4
1

Remarks
Requires analysis.

Requires analysis.
Included in external flooding analysis.
Considered in analysis of loss of heat
sink.
Site location precludes event.
Site location precludes event.
Considered in site selection criteria
and plant design.
Requires analysis.
Site location precludes event.
Considered in site selection criteria
and plant design.
Site location precludes event.
Requires analysis.
Site location precludes event.
Site location precludes event.
Site location precludes event.

Seismic Activity
—
Snow Storm
3
Soil Shrink-Swell
1
Consolidation
Storm Surge
3
~
Transportation Accidents
Tsunami
3
Volcanic Activity
3
Waves
3
*Legend:
1. The event is of equal or lesser damage potential than the events for which the plant has
been designed.
2. The event has a significantly lower frequency of occurrence than other events with
similar consequences.
3. The event cannot occur close enough to the plant to affect it.
4. The event is included in the definition of another event.
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Table 6.2-2. Seismic Hazard Frequencies (Base Case, Reference 6.2-5)
Acceleration
(cm/sec2)
34
50
75
150
250
300
400
500
650
800
1,000
Extrapolation

Acceleration
(g)
0.035
0.051
0.076
0.153
0.255
0.306
0.408
0.510
0.663
0.815
1.019
1.544
Weight
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15th

50th

85th

Mean

2.72E-03
9.09E-04
2.50E-04
3.33E-05
9.30E-06
5.01E-06
2.31E-06
1.25E-06
6.00E-07
3.00E-07
1.50E-07
2.53E-08
0.25

9.06E-03
3.03E-03
8.33E-04
1.11E-04
3.10E-05
1.67E-05
7.69E-06
4.17E-06
2.00E-06
1.00E-06
5.00E-07
8.43E-08
0.5

2.04E-02
6.82E-03
1.87E-03
2.50E-04
6.98E-05
3.76E-05
1.73E-05
9.38E-06
4.50E-06
2.25E-06
1.13E-06
1.91E-07
0.25

1.07E-02
3.58E-03
9.85E-04
1.31E-04
3.66E-05
1.97E-05
9.09E-06
4.93E-06
2.36E-06
1.18E-06
5.91E-07
1.00E-07
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Table 6.2-3 (Page 1 of 3). Seismic Screening and Fragility Evaluation Walkdown Results
Buildings/Structures
Reactor Containment Building
Reactor Shielding/Plant Room
Control Room Ceiling
Building 24 - Secondary Cooling Pump House
Substation No. 1 - Normal Power Supply
Building 70 - Standby Power
Building 4 - Mains Water Boiler House
Rig Diesel Building
Building 73 (over Rig Diesel Building)
Emergency Control Room
ECR Ventilation Blower Shed
Building 41 (containing demineralized water system)
Building 23 - Spent Fuel Pool Building
Spent Fuel Storage Pool (in Building 23)
Water Tower
Secondary Cooling Pond
Building 17 - New Fuel Storage
Building 27 - Dry Spent Fuel Storage
Building 59 - Dounreay flask Storage
300V Battery Room Masonry Walls in Auxiliary Plant Room

System/Equipment
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HCLPFfe)
0.15*

0.25*
>1.0
0.5
0.5

>1.0
0.4
0.5

>1.0
>1.0
0.4
0.4
0.4

>1.0
0.20*

>1.0
0.5
0.5
0.4
0.4

Mg)

Secondary Cooling Circuit
• Cooling Towers
• Main and Shutdown Pumps
• Control Cabinets
Emergency Power Supply System
• Diesel Generators
• Diesel Fuel Tanks
• Electrical Cabinets
• Batteries and Racks
Offsite Power
• Lucas Heights Substation
• Substation No. 1 Cabinets/Transformers
Mains Water Supply
• Supply Pumps
• Switchboard and Control Panels
• Diesel Generator
• Diesel Fuel Tank
Compressed Air System
• Air Receiver Tanks - Building 4
• Air Compressor - Building 4
• Compressed Air Tanks - Outside Auxiliary Plant Room
• Air Receiver - Auxiliary Plant Room
• Air Compressors - Auxiliary Plant Room
• Air Receiver Pressure Control Panel
*Based on qualification analysis.
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Mg)
—

0.5
>1.0
0.4
>1.0
>1.0
>1.0
>1.0
0.2
0.5
>1.0
0.4
0.5
>1.0
>1.0
0.5
>1.0
0.5
>1.0
>1.0

HCLPF(g)

Table 6.2-3 (Page 2 of 3). Seismic Screening and Fragility Evaluation Walkdown Results
System/Equipment

a(g)

Rig Electric Power
• Rig Diesels
• Fuel Tank
• Control Panel
• Distribution Panel
• Battery Charger
Standby Active Ventilation System
• Active Extract Ventilation Filter
• Standby System Fan
• Standby System Duct
• Fans, Filters
Space Condition System
• Intake Fan
• Chilled Water Conditioners
• Chilled Water Pumps
• Chilled Water Compressors
• Evaporative Condensers
• Conditioning Units/Ducts
• Chilled Water Piping - Auxiliary Plant Room
• Chilled Water Piping - 5m Level
• Chilled Water Piping - Basement Level
No. 1 Storage Block Cooling System
• Cooling Pumps, Heat Exchangers
• Control Panels
• Demineralized Water Makeup Tank
Emergency Control System
• Electrical Panels
• ECR Blowers, Filters
Demineralized Water System
• Storage Tank
• Demineralizer Unit
Helium System
• Main Storage Tank
• Portable Tanks
Shield Cooling System
• Heat Exchanger
• Cooling Water Pumps
• Head Tank
ECCS
• Piping
• Pumps
*Governed by Rig diesel building masonry wall.
**Governed by overhead piping in auxiliary plant room,
f Based on qualification analysis,
ffGoverned by overhead duct support failure.
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HCLPF(g)

>1.0
0.6
>1.0*
>1.0
0.2
>1.0*

> 1.0ft
0.4
>1.0
0.4
>1.0
> 1.0**
>1.0
>1.0
>1.0
0.4
0.6
0.3
>1.0
>1.0
>1.0
>1.0
0.4
>1.0
0.4
>1.0
0.3
>1.0
>1.0
>1.0
0.23t
0.23t

Table 6.2-3 (Page 3 of 3). Seismic Screening and Fragility Evaluation Walkdown Results
System/Equipment

Mg)

D2O Circuit
• Pumps, Exchangers, Piping
Containment Isolation System
• Water Tank Valve Closer
• Personnel Airlock to Building 42
• Personnel Airlock to Building 40
• Vehicle and Emergency Airlock
RCB Equipment Handling/General
• Polar Crane
• Jib Crane
• Experimental Equipment
Auxiliary Plant Room Ventilation
• Fan
Instrumentation Systems
• Normal and Standby Instrument Cabinets
• Motor-Generator Sets
DC Power
• 300V Batteries/Racks
Electric Power/Control
• Cable Trays
• Auxiliary Plant Room Rack - "A" Cables
Reactor Protection System
• Reactor Internals
MA Cabinets, DC Switchboards
Selenium Rectifiers
Cable Trays, Cable Supports
*Based on qualification analysis.
**Governed by masonry wall failure onto batteries.
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HCLPF(g)
0.25*

0.8
0.2*
0.2*
0.2*

>1.0
>1.0
0.2
>1.0
0.4
>1.0
> 1.0**
>1.0
>1.0
0.2*

>1.0
0.4

>1.0

Table 6.2-4 (Page 1 of 2). Summary of Plant Components
Considered for Seismic Modeling
Plant Component
Reactor Containment Building
Reactor Shielding/Plant Room

0.40
0.25

PK
0.25
0.25

0.35
0.35

HCLPF
0.149
0.093

Building 24
Substation No. 1
Building 4

0.50
0.50
0.40

0.25
0.25
0.25

0.35
0.35
0.35

0.186
0.186
0.149

Rig Diesel Building

0.50

0.25

0.35

0.186

ECR Ventilation Blower Shed
Building 41
Building 23
Water Tower
Building 27
Building 59
300V Battery Room Walls
Secondary Cooling Circuit
• Cooling Towers
• Control Cabinets
Offsite Power
• Lucas Heights Substation

0.40
0.40
0.40
0.54
0.50
0.40
0.40

0.25
0.25
0.25
0.25
0.25
0.25
0.25

0.35
0.35
0.35
0.35
0.35
0.35
0.35

0.149
0.149
0.149
0.201
0.186
0.149
0.149

Failure Mode
Building collapse.
Collapse reactor/plant room open
pathways through the RCB.
Collapse onto secondary cooling pumps.
Collapse onto transformers/cabinets.
Collapse onto mains pumps, power/
control cabinets.
Collapse onto diesel system/active
extraction ventilation filter.
Collapse onto ventilation blowers.
Collapse onto demineralizer system.
Collapse onto spent fuel pools.
Pipe break and loss of water.
Collapse onto dry fuel storage holes.
Collapse onto flasks.
Collapse onto 300V batteries.

0.50
0.40

0.25
0.25

0.35
0.35

0.186
0.149

Strut buckling, loss of water in tower.
Cabinets walking, line breaks.

0.20

0.25

0.35

0.074

• Substation No. 1 Cabinets/
Transformers
Mains Water Supply
• Switchboards/Control Panels
• Diesel Generator
Compressed Air System
• Air Compressors - Building 4
• Air Receiver - Auxiliary Plant
Room
Rig Electric Power
• Fuel Tank

0.50

0.25

0.35

0.186

Transformers walking, ceramic
insulator failure.
Walking of equipment, disconnects.

0.40
0.50

0.25
0.25

0.35
0.35

0.149
0.186

Walking of equipment, disconnects.
Loss of backup mains' power supply.

0.50
0.50

0.25
0.25

0.35
0.35

0.186
0.186

Loss of one of three compressors.
Overturned vessel/loss of compressed
air.

0.60

0.25

0.35

0.223

• Control Panel

0.40

0.25

0.35

0.149

• Battery Charger
Standby Active Ventilation System
•
Standby System Duct

0.20

0.25

0.35

0.074

Overturned, cracked tank/loss of diesel
fuel.
Nearby masonry wall collapse onto
panel.
Walking of cabinet, disconnects.

0.40

0.25

0.35

0.149

Duct support failure/duct impacting
standby extraction fan.

0.40

0.25

0.35

0.149

Fan movement and failure to function.

0.40

0.25

0.35

0.149

0.60
0.30

0.25
0.25

0.35
0.35

0.223
0.111

Movement and break at chilled water
pumps.
Joint break and loss of water pumps
Loss of pipe post support and loss of
water

Space Condition System
• Intake Fan
• Chilled Water Piping
- Auxiliary Plant Room
- 5m Level
- Basement
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a

Pu
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Table 6.2-4 (Page 2 of 2). Summary of Plant Components
Considered for Seismic Modeling
Plant Component
Emergency Control System
• ECR Blowers, Filters
Demineralized Water System
• Demineralizer Unit
Helium System
• Portable Tanks
Containment Isolation System
• Water Tank Valve Closer
• Personnel, Vehicle, Emergency
Air Locks
Experimental Equipment in RCB
Instrumentation Systems
• Normal and Standby Instrument
Cabinets
ECCS
• Piping
• Pumps
300V DC System
• Battery Room Masonry Walls
Reactor Protection System
• Reactor Internals
D20 Pumps, Heat Exchangers,
Piping
Selenium Rectifiers
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a

PY

Vv

HCLPF

0.40

0.25

0.35

0.149

Loss of ventilation air.

0.40

0.25

0.35

0.149

Loss of additional demineralized water.

0.30

0.25

0.35

0.111

Tank valve failure/tank missile.

0.80
0.54

0.25
0.25

0.35
0.35

0.297
0.201

0.20

0.25

0.35

0.074

Tank overturning/loss of contents.
Failure at RCB connection (may be
dependent on earlier RCB failure).
Walking of equipment/impact on other
equipment.

0.40

0.25

0.35

0.149

Walking of cabinets, disconnects.

0.62
0.62

0.25
0.25

0.35
0.35

0.230
0.230

Loss of ECCS water.
Loss of water feed.

0.40

0.25

0.35

0.149

Collapse onto batteries.

0.54
0.67

0.25
0.25

0.35
0.35

0.20
0.249

Loss of reactor function and shutdown.
Loss of D20.

0.40

0.25

0.35

0.149

Walking of rectifiers, disconnects.
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Failure Mode

6

Table 6.2-5 (Page 1 of 2). Component Groupings into Top Events and Conditional Top Event Failure Fractions

55

I

Top
Events
ZFDC

ZFDA
ZFDB
ZOG

ZBG4

to
-0

ZMNS
ZRDB
ZPN

ZAIR
ZB4A
ZH20

Components/Structures
Reactor Shielding/RCB ST
Reactor Shielding/Plant R
Reactor Containment Build
Reactor Internals
Reactor Internals
D 2 0 Pumps/HX/Piping
D 2 0 Pumps, HXs, Piping
Offsite Power
Lucas Heights Substation
Substation No. 1
Substation No. 1 Cabinets/
Building 4/Mains Water
Mains Switchboards & Cont
Building 4
Mains Detroit Diesel Generator
Mains Water Tower
Mains Water Tower
Rig Diesel Building
Rig Diesel Building
Panel N Power
Selenium Rectifiers
Rig Elec. Pwr. Control PA
Normal/Standby Instrument
300V Battery Room Walls
Rig Diesel Fuel Tank
Air Receiver - APR
Air Receiver - APR
Service Air Compressors
Service Air Compressors
Light Water Cooling
Sec. Cooling Circuit Cont
Secondary Cooling Towers
Building 24

Median
Capacity (g)

PR

Pu

HCLPF
(g)

.25
.40

.250
.250

.350
.350

.093
.149

.54

.250

.350

.201

.67

.250

.350

.249

.20
.50
.50

.250
.250
.250

.350
.350
.350

.074
.186
.186

.40
.40
.50

.250
.250
.250

.350
.350
.350

.149
.149
.186

.54

.250

.350

.201

.50

.250

.350

.186

.40
.40
.40
.40
.60

.250
.250
.250
.250
.250

.350
.350
.350
.350
.350

.149
.149
.149
.149
.223

.50

.250

.350

.186

.50

.250

.350

.186

.40
.50
.50

.250
.250
.250

.350
.350
.350

.149
.186
.186

.074.115
6.75E-03
7.35E-03
0.00E+00
0.00E+00
O.0OE+00
0.00E+00
0.00E+00
3.49E-02
3.54E-02
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00

Lower and Upper Acceleration Bin Boundaries
.115.3-.5
.230-.3
.5 -.8
.230
.29E-0I
6.18E-01 8.92E-0I
9.97E-01
.19E-01 5.44E-01 8.09E-01
9.79E-01
.14E-02
1.63E-01 4.33E-01
8.31E-01
.18E-03 4.55E-02 2.04E-01
6.21E-01
.14E-03 4.57E-02 2.01E-01
6.14E-01
0.00E+00 1.20E-02 9.15E-02
4.20E-01
0.00E+00
I.12E-02 9.29E-02
4.23E-01
2.48E-01
7.73E-01
9.53E-01
9.99E-01
2.41E-01
7.33E-01
9.15E-01
9.94E-01
2.40E-03 6.59E-02 2.53E-01
6.77E-01
2.40E-03 6.59E-02
2.53E-01
6.77E-01
2.56E-02 3.46E-01
7.63E-01
9.90E-01
1.14E-02
1.63E-01 4.33E-01
8.31E-01
1.14E-02
1.63E-01 4.33E-01
8.31E-O1
2.40E-03 6.59E-02 2.53E-01
6.77E-01
1.20E-03 4.48E-02 2.01E-01
6.17E-01
1.14E-03 4.57E-02 2.01E-01
6.14E-01
2.51E-03 6.56E-02
2.53E-01
6.82E-01
2.40E-03 6.59E-02
2.53E-01
6.77E-01
4.38E-02
5.23E-01 9.10E-01
1.00E+00
.14E-02
1.63E-01 4.33E-01
8.31E-01
.14E-02
1.63E-01 4.33E-01
8.31E-01
.14E-02
1.63E-01 4.33E-01
8.31E-01
.14E-02
1.63E-O1 4.33E-01
8.31E-01
I.89E-04 2.64E-02
1.41E-01 5.21E-01
2.54E-01
2.52E-03 6.75E-02
6.77E-01
2.40E-03 6.59E-02
2.53E-01
6.77E-01
2.35E-03 6.45E-02
2.51E-01
6.78E-01
2.40E-03 6.59E-02
2.53E-01
6.77E-01
1.59E-02 2.71E-01
6.85E-01
9.83E-01
1.14E-02
1.63E-01 4.33E-01
8.31E-01
2.40E-03 6.59E-02
2.53E-01
6.77E-01
2.40E-03 6.59E-02
2.53E-01
6.77E-01

.8-1.5
1.00E+00
9.99E-01
9.80E-01
9.20E-01
9.I7E-01
8.20E-01
8.19E-01
1.00E+00
1.00E+00
9.41E-01
9.41E-01
1.00E+00
9.80E-01
9.80E-01
9.41E-01
9.17E-01
9.17E-01
9.39E-01
9.41E-01
1.00E+00
9.80E-01
9.80E-01
9.80E-01
9.80E-01
8.76E-01
9.41E-0I
9.4IE-01
9.41E-01
9.41E-01
1.00E+00
9.80E-01
9.41E-01
9.41E-01

Table 6.2-5 (Page 2 of 2). Component Groupings into Top Events and Conditional Top Event Failure Fractions
Top
Events

ZOP

ZCWI

zcwo
ZCI
ZCIW

ZNV

to

zsv

00

ZB23
ZB41

Components/Structures
ECR HVAC
Ventilation Blower Shed
ECR Blowers & Filters
Chilled Water in RCB
Chilled Water Piping - BA
Chilled Water Piping - 5
Chilled Water Piping - A
Chilled Water Piping - AP
RCB Air Locks
RCB Air Locks
Water Seal Tanks
Water Seal Tanks
Normal Ventilation Fan
Normal Ventilation Fan
SAVS Ducts
SAVS Ducts
Building 23
Building 23
Building 41
Building 41

Median
Capacity (g)

PR

Po

HCLPF
(g)

.40
.40

.250
.250

.350
.350

.149
.149

.30
.60

.250
.250

.350
.350

.111
.223

.40

.250

.350

.149

.54

.250

.350

.201

.80

.250

.350

.297

.40

.250

.350

.149

.40

.250

.350

.149

.40

.250

.350

.149

.40

.250

.350

.149

. Lower and Upper Acceleration Bin Boundaries

.074.115

,.U5.230

.230-.3

.3-.5

.5-.8

.8-1.5

0.00E+00
O.OOE+00
0.00E+00
5.01 E-04
5.33E-04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
0.00E+00
0.00E+00
0.00E+00

2.32E-02
1.14E-02
1.14E-02
6.11E-02
5.80E-02
.89E-04
.15E-02
.14E-02
.12E-03
.14E-03
0.00E+00
0.00E+00
.07E-02
.14E-02
.10E-02
.14E-02
.15E-02
.14E-02
.09E-02
.14E-02

3.01E-01
1.63E-01
1.63E-01
4.00E-01
3.78E-01
2.64E-02
1.62E-01
1.63E-01
4.64E-02
4.57E-02
2.60E-04
2.58E-04
I.62E-01
I.63E-01
.66E-01
1.63E-01
I.66E-01
1.63E-01
I.65E-01
I.63E-01

6.75E-01
4.33E-01
4.33E-01
7.29E-01
6.81E-01
1.41E-01
4.45E-01
4.33E-01
2.02E-01
2.01E-01
4.26E-02
4.24E-02
4.32E-01
4.33E-01
4.34E-01
4.33E-01
4.31E-01
4.33E-01
4.34E-0I
4.33E-01

9.72E-01
8.31E-01
8.31E-01
9.73E-01
9.46E-01
5.21E-01
8.35E-01
8.31E-01
6.19E-01
6.14E-01
2.84E-01
2.77E-01
8.29E-01
8.31E-01
8.35E-01
8.31E-01
8.28E-01
8.31E-01
8.30E-01
8.31E-01

1.00E+00
9.80E-01
9.80E-01
1.00E+00
9.97E-01
8.76E-01
9.81E-01
9.80E-01
9.17E-01
9.17E-01
6.99E-01
6.99E-01
9.79E-01
9.80E-01
9.80E-01
9.80E-01
9.79E-01
9.80E-01
9.81E-01
9.80E-01

Table 6.2-6. Seismic Top Event Dependency Table
~0

O
7>

Seismic
Top
Events

Support Top Event

OG

MNS
(Pumps)

AIR

Early Frontline Top Event

MNS
(Tower)

PN

ZFDC
ZFDA
ZFDB

ZOO
ZBG4
ZMNS

X
X

RED

REH

D2O

H2O

ORF

NV

X
X
X
X7

X

X
X
X

X

X

X

CCA

SR

X

X

CI

cut

sc

AE

sv

X

X

X

X

X

X

X

OFN
OIA
OIB

X

X7

X5
X

ZPN
ZRDB
ZAIR
ZB4A

Late Frontline Top Event

X
X
X
X5

X1

ZOP
ZH2O
ZCWI
ZCWO

ZCI

X2

X3
X4
X

ZCIW

ZNV
ZSV
Notes:
1. If PGA S 0.5g, then - 0.1; if PGA < 0.5g, then = 1.0.
2. Only if NMW = F.
3. Only if NMW = S.
4. Only if ZCWI = F.
5. Impacts service air only (APR compressors unaffected).
6. Impacts water seals only.
7. Recovery of equipment powered from offsite precluded

X4
X
X6

X4
X

X
X

X4
X

X4
X

X
X

Table 6.2-7. Mean Peak Ground Acceleration Intervals
PGA Interval

PGA Range (g)

EQl
EQ2
EQ3
EQ4
EQ5
EQ6

0.074-0.115
0.115-0.230
0.230 - 0.300
0.300 - 0.500
0.500 - 0.800
0.800-1.500
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Base Case
Mean Frequency
7.08E-04
2.93E-04
2.78E-05
1.54E-05
3.82E-06
1.11E-06

6.2-50

Sensitivity Case
Mean Frequency
1.09E-03
4.72E-04
4.87E-05
2.89E-06
9.31E-06
4.22E-06

e

Table 6.2-8 (Page 1 of 2). Unconditional Component Failure Fractions

GO

3

S

ON

to

Components/Structures
Lucas Heights Substation
Rig DG Battery Charger
Portable Equipment in RCB
Reactor Shielding/Plant Room
Chilled Water Piping - Basement
Portable Helium Tanks
Building 4
Ventilation Blower Shed
Secondary Cooling Circuit Control C
Mains Switchboards and Control P
RIG Elec. Pwr. Control Panel
SAVS Ducts
Normal Ventilation Fan
Chilled Water Piping - APR
ECR Blowers and Filters
Normal/Standby Instrumentation
Selenium Rectifiers
Reactor Containment Building
300V Battery Room Walls
Building 41
Building 23
Building 59
Dcmincralizcd Water Unit
Building 24
Substation No. 1
RIG Diesel Building
Mains Detroit Diesel Generator
Service Air Compressors
Air Receiver - APR
Secondary Cooling Towers
Building 27
Substation No. 1 Cabinets/Trans
Mains Water Tower
RCB Air Locks

Median
Capacity (g)

PR

Pu

HCLPF
(g)

.20
.20
.20
.25
.30
.30
.40
.40
.40
.40
.40
.40
.40
.40
.40
.40
.40
.40
.40
.40
.40
.40
.40
.50
.50
.50
.50
.50
.50
.50
.50
.50
.54
.54

.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250

.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350
.350

.074
.074
.074
.093
.111
.111
.149
.149
.149
.149
.149
.149
.149
.149
.149
.149
.149
.149
.149
.149
.149
.149
.149
.186
.186
.186
.186
.186
.186
.186
.186
.186
.201
.201

Lower and Upper Acceleration Bin Boundaries
.074.115
2.57E-05
2.57E-05
2.57E-05
5.49E-06
4.09E-07
4.09E-07
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
0.00E+00
0.00E+00
0.00E+00

.115.230

.230-.3

.3-.5

.5-.8

6.94E-05
6.94E-05
6.94E-05
3.45E-05
1.71E-05
1.71E-05
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
3.44E-06
7.43E-07
7.43E-07
7.43E-07
7.43E-07
7.43E-07
7.43E-07
7.43E-07
7.43E-07
7.43E-07
3.57E-07
3.57E-07

2.01E-05
2.01E-05
2.01E-05
1.48E-05
1.03E-05
1.03E-05
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
4.47E-06
.85E-06
.85E-06
.85E-06
.85E-06
.85E-06
.85E-06
.85E-06
.85E-06
.85E-06
.30E-06
.30E-06

.40E-05
.40E-05
.40E-05
.23E-05
.O3E-O5
.03E-05
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
6.53E-06
3.81E-06
3.81E-06
3.81 E-06
3.81 E-06
3.81 E-06
3.81E-06
3.81 E-06
3.81 E-06
3.81 E-06
3.04E-06
3.04E-06

3.79E-06
3.79E-06
3.79E-06
3.73E-06
3.60E-06
3.60E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
3.15E-06
2.55E-06
2.55E-06
2.55E-06
2.55E-06
2.55E-06
2.55E-06
2.55E-06
2.55E-06
2.55E-06
2.31 E-06
2.31 E-06

.8-1.5
.11 E-06
.11E-06
.11E-06
.11E-06
.11E-06
.11E-06
.09E-06
.09E-06
.09E-06
.09E-06
.09E-06
.09E-06
.09E-06
I.09E-06
I.09E-06
.09E-06
.09E-06
.09E-06
.09E-06
.09E-06
I.09E-06
I.09E-06
I.09E-06
I.04E-06
I.04E-06
I.04E-06
1.04E-06
I.04E-06
I.04E-06
1.04E-06
1.04E-06
1.04E-06
1.01 E-06
1.01 E-06

Total
1.34E-04
1.34E-04
1.34E-04
7.19E-05
4.28E-05
4.28E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
.87E-05
I.87E-05
I.87E-05
I.87E-05
9.99E-06
9.99E-06
9.99E-06
9.99E-06
9.99E-06
9.99E-06
9.99E-06
9.99E-06
9.99E-06
8.02E-06
8.02E-06

Table 6.2-8 (Page 2 of 2). Unconditional Component Failure Fractions

3
q

to

Components/Structures
Reactor Internals
RIG Diesel Fuel Tank
Chilled Water Piping - 5 Meter
ECCS Injection Piping
Scavenger Pumps
D2O Pumps, HXs, Piping
Water Seal Tanks

Median
Capacity (g)

PR

Pu

HCLPF
(g)

.54
.60
.60
.62
.62
.67
.80

.250
.250
.250
.250
.250
.250
.250

.350
.350
.350
.350
.350
.350
.350

.201
.223
.223
.230
.230
.249
.297

.074.115
0.00E+00
O.OOE+00
O.OOE+00
O.OOE+00
O.OOE+00
0.00E+0O
O.OOE+00

Lower and Upper Acceleration Bin Boundaries
.115.230-.3
.5-.8
.3-.5
.230
3.57E-07 1.30E-06 3.04E-06 2.31E-06
6.02E-08 7.63E-07 2.15E-06 1.95E-06
6.02E-08 7.63E-07 2.15E-06 1.95E-06
0.00E+00 6.40E-07 1.91E-06 1.84E-06
0.00E+00 6.40E-07 1.91E-06 I.84E-06
0.00E+00 3.29E-07 1.43E-06 1.58E-06
0.00E+00 7.81E-09 6.65E-07 1.04E-06

.8-1.5
1.01E-06
9.66E-07
9.66E-07
9.49E-07
9.49E-07
9.02E-07
7.67E-07

Total
8.02E-06
5.89E-06
5.89E-06
5.34E-06
5.34E-06
4.24E-06
2.48E-06

Table 6.2-9. Approximate Relationships between Intensity,
Acceleration, Magnitude, and Energy Releases
MMI
Scale

Median
Acceleration
(g)

Description of Effects*

Energy
Release
(ergs)

Richter
Magnitude
M2

Not felt; marginal and long-period effects of large earthquakes evident.

10'

_ 10'

Felt by persons at rest, on upper floors, or favorably placed.
M3_

III

Felt indoors; hanging objects swing; vibration like passing of light trucks occurs; duration
estimated; might not be recognized as an earthquake.

IV

Hanging objects swing; vibration occurs that is like passing of heavy trucks, or there is a sensation
of a jolt like a heavy ball striking the walls; standing motor cars rock; windows, dishes, and doors
rattle; glasses clink; crockery clashes; in the upper range of IV, wooden walls and frame creak.

0.007 to
0.015

Felt outdoors; duration estimated; sleepers waken; liquids become disturbed, some spill; small
unstable objects are displaced or upset; doors swing, close, and open; shutters and pictures move;
pendulum clocks stop, start, and change rate.

0.015 to
0.03

VI

Felt by all; many are frightened and run outdoors; persons walk unsteadily; windows, dishes,
glassware break; knickknacks, books, etc., fall off shelves; pictures fall off walls; furniture moves or
overturns; weak plaster and masonry D crack; small bells ring (church, school); trees, bushes shake.

0.03 to
0.09

VII

Difficult to stand; noticed by drivers of motor cars; hanging objects quiver, furniture breaks; damage
occurs to masonry D, including cracks; weak chimneys break at roof line; plaster, loose bricks,
stones, tiles, cornices fall; some cracks appear in masonry C; waves appear on ponds, water turbid
with mud; small slides and cave-ins occur along sand or gravel banks; large bells ring.

0.09 to
0.22

VIII

IX

Steering of motor cars affected; damage occurs to masonry C, with partial collapse; some damage
occurs to masonry B, but none to masonry A; stucco and some masonry walls fall; twisting, fall of
chimneys, factory stacks, monuments, towers, and elevated tanks occur; frame houses move on
foundations if not bolted down; loose panel walls are thrown out; changes occur in flow or
temperature of springs and wells; cracks appear in wet ground and on steep slopes.
General panic; masonry D is destroyed; masonry C is heavily damaged, sometimes with complete
collapse; masonry B is seriously damaged; general damage occurs to foundations; frame structures
shift off foundations, if not bolted; frames crack; serious damage occurs to reservoirs; underground
pipes break; conspicuous cracks appear in ground; sand and mud ejected in alluviated areas;
earthquake fountains and sand craters occur.
Most masonry and frame structures are destroyed, with their foundations; some well-built wooden
structures and bridges are destroyed; serious damage occurs to dams, dikes, and embankments; large
landslides occur; water is thrown on banks of canals, rivers, lakes, etc; sand and mud shift
horizontally on beaches and flat land; rails are bent slightly.

10'

0.03 to
0.007

6

M4_

_ 10'

10'
8

M5_ _

10'

_ 102

M
6
_ io 2

0.15 to
0.03

0.3 to
0.7

M7_

_ 10 2

0.45 to
1.5
M8_

XI

Rails are bent greatly; underground pipelines are completely out of service.

0.5 to 3

XII

Damage nearly total; large rock masses are displaced; lines of sight and level are distorted; objects
are thrown into air.

0.5 to 7

_ io 2
i

M9_|
* Masonry A: Good workmanship, mortar, and design; reinforced, especially laterally, and bound together by using steel, concrete, etc.; designed to resist
lateral forces.
Masonry B: Good workmanship and mortar, reinforced, but not designed in detail to resist lateral forces.
Masonry C: Ordinary workmanship and mortar; no extreme weaknesses like failing to tie in at comers, but neither reinforced nor designed against
horizontal forces.
Masonry D: Weak materials, such as adobe; poor mortar; low standards of workmanship; weak horizontally.
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Table 6.2-10. Earthquake Initiated Frequency Results Compared to Safety Objectives

i

Safety Objective Category
1. Irradiated Fuel Elements in Core or in
the No. 1 Storage Block Overheating
2. Fuel Elements in Core or in the No. 1
Storage Block with Degraded or
Ineffective Containment
3. Fuel Element Mechanical Damage/
Heavy Object Drop
4. Fuel Element Mechanical Damage/
Heavy Object drop Outside the RCB
or with Degraded or Ineffective
Containment
5. Fuel Element Mechanical Damage/
Heavy Object Drop Resulting in Fuel
Overheating or a Critical
Configuration
6. Tritium Release
7. Tritium Release with Degraded or
Ineffective Containment

Relevant
POSs

Safety
Criterion*

Seismic

1-5,7

5E-04

8.00E-5

1-5,7

5E-05

7.94E-05

Secondary Safety Objectives
Fuel Elements in Transfer Flask

4,6,8-13

5E-03

3.02E-05

Fuel Elements in Transfer Flask

4,6,8-13

5E-04

3.02E-05

Fuel Elements in Core, in the No. 1
Storage Block, or in Storage in Building
23,27,41, or 59

1-13

5E-05

3.02E-05

Tritium in Primary Circuit
Tritium in Primary Circuit

1-5
1-5

1E-02
1E-03

3.58E-07
3.18E-07

Source of Hazard
Primary Safety Objectives
Irradiated Fuel Elements in Core or in the
No. 1 Storage Block
Irradiated Fuel Elements in Core or in the
No. 1 Storage Block

Table 6.2-11. Earthquake Initiator Contributions to Fuel Damage
and Tritium Release Categories — Base Case
Earthquake
Initiator

PGA Range (g)

EQ1
EQ2
EQ3
EQ5

.074-.115
.115-.23
.23 - .3
.3-.5
.5-.8

EQ6

.8-1.5

EQ4
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Fuel Damage
Category
(Objective 1)
4.8E-06
3.8E-05
1.8E-05
1.4E-05
3.8E-06
1.1E-06

6.2-55

Tritium Release;
No Fuel Damage
(Objective 6)
9.2E-08
2.3E-07
2.6E-08
2.5E-09

0
0

Table 6.2-12 (Page 1 of 5). Highest Frequency Earthquake Initiated Sequences
MODEL Name: HIFAR5A

Rank
No.
1

to

Top-Ranking Sequences Contributing to Group : 0BJEC1 Frequency
OBJEC1 = CORE OR STORAGE BLOCK OVERHEATING
Events
Sequence Description

.

Guaranteed Events/Comments

10:06:23

End
State

12 DEC 1997

Frequency
(per year)

Percent

EQ FROM .115-.23G
- PROGRAM TYPE-NORMAL, CLEANING, MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

- MANUAL ACTUATION OF ECCS
- MAINS WATER SUPPLY TO HIFAR AREA
- COMPRESSED/SERVICE AIR SUPPLY
- MANUAL REACTOR TRIP SIGNAL
- SAFETY RODS DROP
- HEAVY WATER SD PUMPS START AND OPERATE
- MAIN OR SD H2O OR MAINS WATER HX COOLING
- RECOVERY OF D20 FORCED FLOW
- BACKUP H2O/MAINS WATER COOLING TO HX
- OPERATORS INITIATE RAT FLOODING
- SWITCH: NO TRITIUM RELEASE IN EARLY TREE
- SWITCH: NO FUEL DAMAGE IN EARLY TREE
- AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
- AUTO/MANUAL CONTAINMENT ISOLATION
- 1/3 SPACE CONDITIONERS (SCS)
- RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

2.63E-05

33.31

EQ FROM .23-.3G
- PROGRAM TYPE-NORMAL, CLEANING, MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HIFAR AREA
COMPRESSED/SERVICE AIR SUPPLY
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H2O OR MAINS WATER HX COOLING
RECOVERY OF D2O FORCED FLOW
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

1.19E-05

15.14

Table 6.2-12 (Page 2 of 5). Highest Frequency Earthquake Initiated Sequences
MODEL Name: HIFAR5A

Rank
No.

Top-Ranking Sequences Contributing to Group : OBJEC1 Frequency
0BJEC1 = CORE OR STORAGE BLOCK OVERHEATING

10:06:23

12 DEC 1997

End
State

Frequency
(per year)

Percent

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HIFAR AREA
COMPRESSED/SERVICE AIR SUPPLY
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H2O OR MAINS WATER HX COOLING
RECOVERY OF D2O FORCED FLOW
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

9.54E-06

12.11

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HIFAR AREA
COMPRESSED/SERVICE AIR SUPPLY
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H2O OR MAINS WATER HX COOLING
RECOVERY OF D2O FORCED FLOW
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

4.77E-06

6.05

Sequence Description

Guaranteed Events/Comments

EQ FROM .3-.5G
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

EQ FROM .115-. 23G
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

Table 6.2-12 (Page 3 of 5). Highest Frequency Earthquake Initiated Sequences
MODEL Name: HIFAR5A

Rank
No.

OS

(In

Top-Ranking Sequences Contributing to Group : OBJEC1 Frequency
OBJEC1 = CORE OR STORAGE BLOCK OVERHEATING
Events

10:06:23

12 DEC 1997

End
State

Frequency
(per year)

Percent

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HIFAR AREA
COMPRESSED/SERVICE AIR SUPPLY
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H20 OR MAINS WATER HX COOLING
RECOVERY OF D2O FORCED FLOW
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

3.32E-06

4.21

MANUAL ACTUATION OF ECCS
OPERATORS ALIGN POWER SUPPLY TO PANEL N
PANEL N INTRUMENTATION POWER
MAINS WATER SUPPLY TO HIFAR AREA
COMPRESSED/SERVICE AIR SUPPLY
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H2O OR MAINS WATER HX COOLING
RECOVERY OF D2O FORCED FLOW
BACKUP H20/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
OPERATORS ISOLATE RCB
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCS)
OPERATORS ISOLATE COMPRESSED AIR TO RCB
RECOVERY, NO DAMAGE STATE OCCURS

RCNENJ

2.75E-06

3.49

Sequence Description

Guaranteed Events/Comments

EQ FROM .036- .115G
- PROGRAM TYPE-NORMAL, CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

EQ FROM .5-.8G
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

Table 6.2-12 (Page 4 of 5). Highest Frequency Earthquake Initiated Sequences
MODEL Name: HIFAR5A

Rank
No.

Top-Ranking Sequences Contributing to Group : 0BJEC1 Frequency
OBJEC1 = CORE OR STORAGE BLOCK OVERHEATING

EQ FROM .23-.3G
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

O\

Frequency
(per year)

Percent

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HIFAR AREA
COMPRESSED/SERVICE AIR SUPPLY
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H2O.OR MAINS WATER HX COOLING
RECOVERY OF D2O FORCED FLOW
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

2.17E-06

2.75

EQ FROM .115-.23G
- PROGRAM TYPE-NORMAL, CLEANING, MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - MAINTENANCE PERIOD
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HIFAR AREA
COMPRESSED/SERVICE AIR SUPPLY
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAINS WATER NOT INITIALLY ALIGNED FOR HX COOLING
MAIN OR SD H2O OR MAINS WATER HX COOLING
RECOVERY OF D2O FORCED FLOW
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

2.07E-06

2.62

Guaranteed Events/Comments
-

12 DEC 1997

End
State

Event8
Sequence Description

10:06:23

Table 6.2-12 (Page 5 of 5). Highest Frequency Earthquake Initiated Sequences
Top-Ranking Sequences Contributing to Group : 0BJEC1 Frequency
OBJEC1 - CORE OR STORAGE BLOCK OVERHEATING

MODEL Name: HIFAR5A

Rank
No.

10:06:23

12 DEC 1997

End
State

Frequency
(per year)

Percent

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HI FAR AREA
COMPRESSED/SERVICE AIR SUPPLY
MANUAL REACTOR TRIP SIGNAL
SAFETY RODS DROP
HEAVY MATER SD PUMPS START AND OPERATE
MAIN OR SD H2O OR MAINS WATER HX COOLING
RECOVERY OF D2O PORCED FLOW
BACKUP H2O/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCSI
RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

1.T3E-06

2.20

MANUAL ACTUATION OF ECCS
MAINS WATER SUPPLY TO HIFAR AREA
COMPRESSED/SERVICE AIR SUPPLY
SAFETY RODS DROP
HEAVY WATER SD PUMPS START AND OPERATE
MAIN OR SD H2O OR MAINS WATER HX COOLING
RECOVERY OF D2O FORCED FLOW
BACKUP H20/MAINS WATER COOLING TO HX
OPERATORS INITIATE RAT FLOODING
SWITCH: NO TRITIUM RELEASE IN EARLY TREE
SWITCH: NO FUEL DAMAGE IN EARLY TREE
AUTO/MANUAL ISOLATION OF BUTTERFLY VALVES
AUTO/MANUAL CONTAINMENT ISOLATION
1/3 SPACE CONDITIONERS (SCS)
RECOVERY, NO DAMAGE STATE OCCURS

RCNEYJ

1.04E-06

1.31

Events
Sequence Description

Guaranteed Events/Comments

EQ FROM .3-.5G
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - POND CLEANING PROGRAMS
- PLANT OPERATING STATES
STATE - STARTUP AND HIGH POWER OPERATION
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

EQ FROM .115-.23G
- PROGRAM TYPE-NORMAL,CLEANING,MAJOR SHUTDOWN
STATE - NORMAL PROGRAMS
- PLANT OPERATING STATES
STATE - 1ST 24 HOURS AFTER SHUTDOWN
- ZFDC - REACTOR SHIELDING/ RCB STRUCTURE

OS
10

c

Table 6.2-13. Individual Seismic Component Importance Measures
Component ID

to

RXSHLD
RXCONT
RXINTS
LHSUBS
CHWPPB
CTLCAB
CHWPPA
MWSSWB
BLDG4
RGDGCP
INSTRU
SELREC
BATWAL
ECRVNT
ECRBLF
WTRTWR
BLDG24
SCLTWR
SUBCAB
SUBNO1
MWSDGS
CHWPP5
D2OPEP
RGDGFT
AIRRCV
SBADCT
SCSFAN
RDGBDG
AIRCMP
CIVEAL
BLDG41
CIWTVC
BLDG23

Top Event
ZFDC
ZFDC
ZFDA
ZOG
ZCWI
ZH2O
ZCWO
ZBG4
ZBG4
ZPN
ZPN
ZPN
ZPN
ZOP
ZOP
ZMNS
ZH2O
ZH2O
ZOG
ZOG
ZBG4
ZCWI
ZFDB
ZPN
ZAIR
ZSV
ZNV
ZRDB
ZB4A
ZCI
ZB41
ZCIW
ZB23

Fractional
Importance
9.1292E-01
2.3845E-01
5.9894E-03
3. 9402E-03
2.1561E-03
1.1193E-03
1.0898E-03
9.8047E-04
9.6319E-04
9.5248E-04
9.5181E-04
9.3491E-04
9.2692E-04
9.2041E-04
8.9758E-04
8.4427E-04
5.5614E-04
5.5006E-04
5.2187E-04
5.2132E-04
5.0034E-04
3.0014E-04
2.5019E-04
2.2178E-04
2.2109E-04
2.0253E-04
1.8594E-04
1.7322E-04
1.0099E-04
4.4551E-05
0.0000E+00
0.0000E+00
O.OOOOE+00

Fussel-Vesely
Importance
Worth
7.4504E-01
7.8425E-02
5.8380E-03
1.3857E-03
7.8240E-04
2.4405E-04
3.9152E-04
6.4393E-05
6.I066E-05
8.2377E-05
8.1440E-05
8.I799E-05
8.00I6E-05
-1.6598E-05
-7.6954E-06
5.5240E-04
1.0850E-04
1.0522E-04
4.1892E-05
4.1699E-05
4.1884E-05
6.7992E-05
2.0408E-04
1.8118E-05
-2.9981E-04
-3.9941E-04
-4.0415E-04
-3.6152E-04
-3.7167E-04
-1.2985E-04
0.0000E+00
-9.7896E-06
0.0000E+00

Risk
Achievement
Worth
1.3265E+01
1.3265E+01
3.8312E+00
9.9990E-01
9.9936E-01
1.0002E+00
9.9742E-01
9.9799E-01
9.9799E-01
9.9929E-01
9.9929E-01
9.9929E-01
9.9929E-01
9.9775E-01
9.9775E-01
1.0516E+00
1.0002E+00
1.0002E+00
9.9990E-01
9.9990E-01
9.9799E-01
9.9936E-01
1.0141E+00
9.9929E-01
9.9379E-01
9.9646E-01
9.9638E-01
9.9381E-01
9.9358E-01
9.9418E-01
1.0000E+00
9.9736E-0I
1.0000E+00

Risk Reduction
Decrease
2.5488E-01
9.2149E-01
9.9416E-01
9.9862E-01
9.9922E-01
9.9976E-01
L_ 9.9961E-01
9.9993E-01
9.9994E-01
9.9992E-01
9.9992E-01
9.9992E-01
9.9992E-0I
I.0000E+00
I.0000E+00
9.9945E-01
9.9989E-01
9.9989E-01
9.9996E-01
9.9996E-01
9.9996E-01
9.9993E-01
9.9980E-01
9.9998E-01
.0003E+00
I.0004E+00
I.0004E+00
I.0004E+.00
I.0004E+00
I.0001E+00
I.0000E+00
I.0000E+00
I.0000E+00

10% Median
Acceleration

Component Description

5.4393E+00
1.2132E+01
3.5769E+00
1.0000E+00
1.0000E+00
9.9993E-01
9.9875E-0!
9.9880E-01
9.9880E-01
9.9941E-01
9.9943E-01
9.9940E-01
9.9941E-01
9.9882E-01
9.9882E-01
1.0426E+00
9.9989E-01
9.9989E-01
9.9957E-01
9.9958E-01
9.9848E-01
9.9913E-01
1.0052E+00
9.9914E-01
9.9693E-01
9.9866E-01
9.9864E-0!
9.9690E-01
9.9689E-01
9.9687E-01
1.0000E+00
9.9762E-01
1.0000E+00

Reactor Shielding/Plant Room
Reactor Containment Building
Reactor Internals
Lucas Heights Substation
Chilled Water Piping - Basement
Sec. Cooling Circuit Control C
Chilled Water Piping - APR
Mains Switchboards & Control P
Building 4
Rig Elec. Pwr. Control Panel
Normal/Standby Instrumentation
Selenium Rectifiers
300V Battery Room Walls
Ventilation Blower Shed
ECR Blowers & Filters
Mains Water Tower
Building 24
Secondary Cooling Towers
Substation No. 1 Cabinets/Trans
Substation No. 1
Mains Detroit Diesel Generator
Chilled Water Piping - 5 Meter
D2O Pumps, HXs, Piping
Rig Diesel Fuel Tank
Air Receiver - AP
SAVS Ducts
Normal Ventilation Fan
Rig Diesel Building
Service Air Compressors
RCB Air Locks
Building 41
Water Seal Tanks
Building 23

Table 6.2-14. Earthquake Initiator Contributions to Fuel Damage
and Tritium Release Categories — Sensitivity Case
Earthquake
Initiator

PGA Range (g)

EQ1
EQ2
EQ3
EQ4
EQ5

.074-.115
.115-.23
.23 - .3
.3-.5
.5-.8

EQ6

.8-1.5
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Fuel Damage
Category
(Objective 1)
7.4E-06
6.1E-05
3.1E-05
2.6E-05
9.3E-06
4.2E-06

6.2-62

Tritium Release;
No Fuel Damage
(Objective 6)
1.4E-07
3.7E-07
4.6E-08
5.1E-09

0
0

Table 6.2-15. Number of Flight Operations at Bankstown Airport
per Year (Reference 6.2-30)
1994

Aircraft Category
1993
Heavy*
666
402,032
Light**
Military
134
Helicopter
22,418
Total
425,250
*Heavy = over 7,000 kg.
** Light = 7,000 kg or under.
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806
370,390

76
22,732
394,004

6.2-63

1995
1,380
352,996

76
21,975 .
376,427

Table 6.2-16. Number of Flight Operations at Kingsford Smith (Sydney) Airport
per Year (Reference 6.2-30)
Aircraft Category
International
Domestic
Regional
Other
Military
Helicopter
Total
* Estimate.
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1994

1993
36,230
107,454
65,122
23,463
1,142
7,966

35,567
110,190
67,865
27,702
1,065
8,758
251,147

241377

6.2-64

1995
39,001
116,020
73,800
25,768
900*
7,723
263,212

6
55

i

s
oo

ON

Table 6.2-17. Australian Civil Aircraft Accident Rates per 100,000 Hours of Flight (Reference 6.2-15)
Year*
1986
1987
1989
1990
1988
1985
0.48
High Capacity - Air Transport
0.26
0.24
0.83
0.00
0.50
Low Capacity - Air Transport**
3.41
0.00
4.41
2.45
0.65
0.00
Air Transport Total
3.41
0.26
1.15
4.65
0.83
2.93
General Aviationf
13.10
13.49
13.98
13.90
12.96
13.94
Total 16.51
13.75
16.87
15.13
18.55
13.79
*The 1994 and 1995 numbers are preliminary figures.
*Low capacity air transport are commuter and supplementary airline.
f General aviation includes charter, agriculture, flying training, private/business, and other aerial

1991
0.41
1.88
2.29
14.81
17.10

work.

1992
0.38
2.67
3.05
14.13
17.18

1993
0.18
2.18
2.36
15.04
17.40

1994
0.32
1.67
1.99
12.09
14.08

1995
0.23
1.65
1.88
12.56
14.44

Table 6.2-18. DAPPLE Values
Tornado
Category
Violent
Strong
Weak

Wind Speed (mph)

50

100

150

200

250

5.3E-01
3.1E-01
6.5E-02

1.7E-01
5.3E-02
1.6E-03

3.9E-02
6.4E-03
2.4E-05

7.0E-03
6.0E-04
2.5E-07

1.0E-03
4.3E-05
2.0E-09
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6.2-66

Table 6.2-19. Tornado Strike Frequency with Wind Speed V
Tornado
Category
Strong (17/53)
Weak (36/53)
Total

Wind Speed (mph)

50

100

150

200

250

2.6E-04
1.1E-04
3.7E-04

4.4E-05
2.8E-06
4.7E-05

5.3E-06
4.2E-08
5.4E-06

5.0E-07
4.4E-10
5.0E-07

3.6E-08
< 1.0E-10
3.6E-08
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6.2-67

Table 6.2-20. Wind Capacity of HIFAR Structures
Structure

Median Wind
Capacity (mph)

HCLPF
(mph)

150
150
80
150
80
80
150
150
150
150
150
150

120
120
70
120
70
70
120
120
120
120
120
120

Reactor Containment Building
Building 24
Substation No. 1
Building 4
Rigs Diesel Building
ECR Ventilation Blower Shed
Building 41
Building 23
Building 27
Building 17
Building 59
Building 70
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6.2-68

Table 6.2-21. Mean Annual Frequencies at Designated Ranges in Wind Velocity

70 to 80
WIND1

75
1.82E-02

Wind Velocity Range (mph)
90 to 120
120 to 150
150 to 180
80 to 90
Designated Wind Velocity (mph)
WIND2
WIND3
WIND4
WIND5

85

105

135

165

Annual Exceedence Frequency
9.70E-04
3.80E-03
2.47E-05
4.05E-06
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6.2-69

180 to 200
WIND6

190
9.21E-07

Table 6.2-22. Conditional Failure Fractions
Structures

Designated Wind Velocity Range (mph)

75

85

105

135

165

190

1.20E-01
9.96E-01
1.00E+00 1.00E+00 1.00E+00
Group A*
7.52E-01
Group B** 0.00E+00 O.OOE+00 8.08E-06
8.89E-02
7.62E-01
9.88E-01
*Group A structures include Substation No. 1, Rigs diesel building, and ECR ventilation
blower shed.
**Group B structures include RCB, Buildings 4,17,23,24, 27,41, 59, and 70.
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6.2-70

Table 6.2-23. Wind Hazard Scenarios
Scenario
Designator
WIND1

Group A Structures

WIND2

Group A Structures

Impact on HIFAR Structures

WIND3
Groups A and B
WIND4
Groups A and B
WIND5
Groups A and B
WIND6
Groups A and B
*Offsite power is assumed lost.
** Core damage.
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Structures
Structures
Structures
Structures

6.2-71

Top Events Impacted
OG,*SEC1,SEC3,PN,
RED, AE, NV, SV
OG,SEC1,SEC3,PN,
RED, AE, NV, SV
CD**

CD
CD
CD

Table 6.2-24. Summary of Wind Analysis Results
Wind Initiator
WIND1
WIND2
WIND3
WIND4
WIND5
WIND6
Total

\DIST\REPOR"ASECT 6.DOC.01/15/98

Core Damage Frequency
8.87E-08
1.15E-07
4.67E-08
2.20E-06
3.09E-06
9.10E-07
6.45E-06

6.2-72

Tritium Release Frequency
1.41E-05
1.83E-05
6.19E-06
1.44E-07
6.11E-09
6.07E-11
3.87E-05

Table 6.2-25. Wind Initiated Frequency Results Compared to Safety Objectives

I

m
Q

Category

1. Irradiated Fuel Elements in Core or in
the No. 1 Storage Block
2. Fuel Elements in Core or in the No. 1
Storage Block with Degraded or
Ineffective Containment

Source of Hazard
Primary Safety Objectives
Irradiated Fuel Elements in Core or in the
No. 1 Storage Block
Irradiated Fuel Elements in Core or in the
No. 1 Storage Block

Secondary Safety Objectives
Fuel Elements in Transfer Flask
3. Fuel Element Mechanical
Damage/Heavy Object Drop
Fuel Elements in Transfer Flask
4. Fuel Element Mechanical
Damage/Heavy Object Drop Outside
the RCB or with Degraded or
Ineffective Containment
5. Fuel Element Mechanical
Fuel Elements in Core, in the No. 1
Damage/Heavy Object Drop Resulting Storage Block, or in Storage in
Building 23,27,41, or 59
in Fuel Overheating or a Critical
Configuration
6. Tritium Release
Tritium in Primary Circuit
Tritium in Primary Circuit
7. Tritium Release with Degraded or
Ineffective Containment
Total mean frequency per year of all scenarios for all relevant POSs.

Relevant
POSs

Safety
Criterion*

Contributions from
Wind Initiated
Sequences Only

1-5,7

5E-04

6.34E-06

1-5,7

5E-05

6.32E-06

4,6,8-13

5E-03

8.95E-06

4,6,8-13

5E-04

8.95E-06

1-13

5E-05

8.95E-06

1-5
1-5

1E-02
1E-03

2.22E-05
1.98E-05

Table 6.2-26. External Events Frequency Results Compared to Safety Objectives

I.3

Safety Objective Category
1. Irradiated Fuel Elements in Core or in
the No. 1 Storage Block
2. Fuel Elements in Core or in the No. 1
Storage Block with Degraded or
Ineffective Containment

Relevant
POSs

1-5,7
1-5,7

Safety
Total for
Fire
Criterion*
Externals
Primary Safety Objectives
5E-04
8.86E-05
2.30E-06
5E-O5

8.67E-05

9.34E-07

Secondary Safety Objectives
0
3. Fuel Element Mechanical
5E-03
0
4, 6, 8-13
Damage/Heavy Object Drop
5E-04
0
4. Fuel Element Mechanical
0
4, 6, 8-13
Damage/Heavy Object Drop Outside
the RCB or with Degraded or
Ineffective Containment
5. Fuel Element Mechanical
5E-05
4.31E-05
0
1-13
Damage/Heavy Object Drop Resulting
in Fuel Overheating or a Critical
Configuration
1E-02
2.23E-04
1.88E-04
6. Tritium Release
1-5
7. Tritium Release with Degraded or
1-5
1E-03
1.29E-05
6.47E-05
Ineffective Containment
Total mean frequency per year of all scenarios for all relevant POSs.

Flood

Seismic

Wind

1.64E-09

8.00E-05

6.34E-06

7.43E-11

7.94E-05

6.32E-06

0

3.02E-05

8.95E-06

0

3.02E-05

8.95E-06

0

3.02E-05

8.95E-06

2.61E-07
6.30E-09

3.2E-07
3.18E-07

2.22E-05
1.98E-05
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7. SYSTEMS ANALYSIS

7. Systems Analysis
This section begins with a discussion of intersystem dependencies, including those resulting
from environmental conditions. The support system event tree model is then described. Later
subsections describe the key systems considered in the HIFAR PSA, their relationship to event
tree top events, and key modeling assumptions made in developing the fault tree models for each
top event.

7.1 Systems Dependencies
7.1.1 Intersystem Dependency Matrices
One of the most important and difficult tasks in developing an integrated model for plant
response is to explicitly identify all physical and functional interdependencies among the plant
systems. A convenient method for displaying the plant interdependencies is through a set of
matrices that identify all possible system (and subsystem) interactions. To develop these
dependency matrices, support system components are first grouped into common functional
elements such as system trains, subsystems, and complete plant systems. This grouping must be
done in such a manner that the support-to-support and support-to-frontline system dependencies
can be readily defined.
The matrix format provides system support functions listed vertically down the left side of the
table. The supported systems are listed across the top. An "X" or a numbered note designator at
an intersection in the matrix identifies a physical or functional dependency. Failure of the
support system (or subsystem) affects the ability of the supported system to perform its required
functions. Numbered notes are used to explain a unique plant response or to clarify situations of
partial dependence. An "X" indicates complete dependence when failure of the support system
(or subsystem) completely disables the supported system (or subsystem).
In general, trainwise dependencies are tracked in these dependency matrix tables. This is
especially necessary for the construction of event trees that model equipment groups of different
trains in separate top events. In addition, the matrices provide important information for the
development of support system states and the assignment of conditional split fractions in the
quantification of event tree models. It is noted that, in most cases, only direct dependencies are
included in the dependency matrix tables. Secondary or cascaded dependencies are developed
through the logic structure of the support system and frontline system event trees.
Table 7.1-1 illustrates the support-to-support system dependency matrix. The grouping of the
matrix headings is, in some cases, at a more detailed level than the actual event tree top events.
The dependencies that are presented in Table 7.1-1 are used to develop the support systems event
tree logic structure and to define the support system split fractions.
Table 7.1-2 gives the support-to-frontline system dependency matrix. Listed down the side of
this dependency matrix are the same support system (or subsystem) headings as those in the
support-to-support system dependency matrix. Frontline equipment groups, subsystems, or
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systems are listed across the top. This dependency matrix is used to develop the frontline system
event tree logic structure and frontline system split fractions.
7.1.2 Equipment Qualification Limits
The qualification of HIFAR plant equipment for accident conditions is discussed at length in
Reference 7.1-1. Reference 7.1-1 was prepared in support of the new electrical power supply
system (EPSS) approval process. All of the safety-related components at HIFAR provided under
the new EPSS are claimed to meet Australian standards or equivalent national (UK) standards.
The normal service conditions implied by this claim can be summarized as follows:
1. Temperatures up to 40°C with 24-hour average ambient temperatures of 35°C.
2. Sunlight levels of 1 kW/m2 for outdoor equipment.
3. For equipment in doors, relative humidities up to 50% at temperatures of 40°C, and up to
90% at 20°C with equipment provisions for moderate condensation.
4. For equipment outdoors, conditions of rain.
One exception to the above limits is that for diesel generator fuel oil. A limit of 52°C is
recommended for the fuel oil lines between the outside storage tank and the diesel generators in
Building 70, per Reference 7.1-10. Diesel generator failure at temperatures above 52°C is
therefore to be assumed.
Reference 7.1-1 also considers the potential for electronic equipment damage due to high levels
of ionizing radiation. Equipment radiation tolerance limits are adopted from Reference 7.1-2. In
addition, tests were performed at HIFAR for termination points of MIMS cables, referred to as
pot seals. These components were found to easily tolerate absorbed doses of 10" Gy.
Other HIFAR limits for key equipment located in the RCB and especially the heavy water plant
room are presented in Table 7.1-3. These equipment operating limits seem reasonable and
consistent with equipment qualification limits in the U.S.

7.1.3 Environmental Conditions
Reference 7.1-1 also presents summaries of environmental conditions projected to be reached for
a selected set of accident sequences. These results are documented in References 7.1-3
through 7.1-5. Temperature, humidity, and ionizing radiation levels are presented in these
references for six classes of accidents ranging from normal operating conditions to accident
sequences resulting in complete fuel damage of the reactor core, with containment isolation, both
with and without successful operation of the space conditioner systems.
The accidents selected to establish a basis of comparison for equipment environmental
temperature and humidity limits is judged to be reasonable and encompassing. Based on the
analysis performed and documented in Reference 7.1-3, the methods used and the computed
reactor containment building temperatures for each accident appear reasonable considering the
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relatively limited decay heat levels appropriate for HIFAR. The conclusions regarding relative
humidity levels also appear reasonable given our knowledge of the HIFAR plant and systems.
It was not possible to independently assess the projected ionizing radiation levels in
Reference 7.1-5. These projections depend in part on the source terms selected and the thermal
hydraulic processes for each accident class assessed especially for those involving fuel damage.
Such an independent verification must therefore await an assessment of containment
performance and the transport of fission products both within and outside the RCB. We note that
the discussion in Reference 7.1-1 identifies no consequential impacts of ionizing radiation on
safety-related equipment for any of the accident classes assessed.
As indicated in Reference 7.1-1, the safety-related equipment temperature limit of 40°C for
components inside the RCB provides sufficient protection against all accident environments
except for accident sequences involving fuel damage and failure of the space conditioner
systems. The 50°C temperatures that are projected to eventually result from such fuel damage
sequences would result in failure of the electrical instrument and control and distribution boards
within the RCB.
Failure of these electrical instrument and controls and distribution boards in the RCB would fail
the following equipment items:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Main heavy water pumps.
Shutdown heavy water pumps.
Scavenge pumps.
Shield cooling pumps.
Liquid level pumps.
Demineralized water pump.
Helium pumps.
Light water valves to heat exchangers.
All ECCS power, control, and indications.
RAT levels 2 and 3 indicators.
RCB lighting.
CCA motors.
Panel N.
All personnel airlocks.
No. 1 Storage Block indication.
Selected gamma monitors.
Data Acquisition System.

Accident caused temperature increases in other buildings containing safety-related equipment are
negligible. In buildings outside the RCB, peak temperatures would instead occur as a direct
result of abnormally high ambient temperatures. The only building at HIFAR serviced by a
ventilation system with chillers is the RCB. All other buildings have ventilation fans when
needed to remove equipment heat loads. Most susceptible to such temperature increases would
currently be the standby supply boards (i.e., SSA and SSB) in Building 70. However, each room
containing the physically separated standby supply boards is serviced by its own two ventilation
fans; i.e., four fans total. This is judged to be adequate protection against ambient temperature
increases.
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Projected relative humidities reached under normal and accident conditions are also summarized
in Reference 7.1-1. It is concluded that except for some special provisions for Building 70 due
to its proximity to the cooling towers, humidity conditions under normal and accident conditions
are enveloped by the design conditions for all safety-related equipment.
For accident sequences, only the equipment inside the RCB would be affected by conditions of
increased humidity. For LOCA conditions, the humidity within the RCB, but outside the heavy
water plant room, would be high but should not be condensing. Therefore, the design conditions
should be satisfactory. Within the heavy water plant room, the environmental conditions should
be saturated vapor at temperatures less than 70°C.
For fuel damage sequences, the amount of humidity outside the heavy water plant room is a
function of the availability of the space conditioners. If they are operating, humidity would be
high but appreciable condensing should not occur, except in the space conditioners. Therefore,
the design conditions are believed adequate. Within the heavy water plant room, no electrical
equipment is assumed to function after fuel damage, so that there are no additional impacts due
to the high temperatures and humidity.
For fuel damage sequences without the space conditioners operating, the humidity levels in the
RCB, outside the heavy water plant room would also be very high, and condensing. The levels
of humidity and condensation are judged to be outside the design envelope for humidity and
sufficiently high to fail all electrical equipment within the RCB.

7.1.4 Support System Event Tree Model
An event tree representing the support system model is used to characterize the response of the
HIFAR support systems to an initiating event. The possible responses are described by the event
tree sequences representing various combinations of support system successes and failures.
Support systems are those plant systems that do not directly perform the plant mitigating
functions in response to an initiating event. Instead, they provide the necessary motive and
control power, cooling water, and actuation signals needed for the frontline systems such as the
emergency core cooling system, to perform the event mitigating functions. However, the
distinction between support and frontline systems is not rigorous.
The support system event tree model is largely dictated by the dependencies between support
systems and by the dependence of frontline systems on specific trains of the support systems.
The intersystem dependency tables are presented in Section 7.1.1.
The support system event tree structure is shown in Figure 7.1-1. The support system event tree
is a "branch everywhere" tree; that is, every top event is questioned for all of the sequences in the
event tree. The branches or nodes for some of the top events in certain sequences are guaranteed
events (success or failure) due to the dependencies between the support systems. For example,
loss of Section 1 of Substation No. 1 (Top Event SEC1) guarantees the unavailability of the line
supply A (Top Event LSA), and loss of Section 3 of Substation No. 1 (Top Event SEC3)
guarantees the unavailability of the line supply B (Top Event LSB). The top event names for the
support system event tree are indicated in Figure 7.1-1.
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The top events of the support system event tree are defined below:
•

Top Event OG — Offsite Grid. This top event models the availability of offsite power
supply to Substation No. 1 and Substation No. 2 following an initiating event, and
includes the equipment associated with the lines from Janali and Engadine to the 11-kV
busbars in the main substation switchyard (including the busbars) and the 11-kV bus A
and bus B at the main substation. The equipment associated with the lines from Janali
and Engadine and the main substation switchyard are modeled by a single basic event.
Success of this top event requires the offsite power supply to be available to Substation
No. 1 and Substation No. 2 for 24 hours. In the event of a loss of offsite power initiating
event, this top event is assumed failed.

•

Top Event SUB2 — Substation No. 2 and Building 4 Switchboards. This top event
models the availability of power supply from Substation No. 2 to switchboard DB-S2 in
Substation No. 1 and the standby bus SB4/4 in Building 4 (the old boiler house) via the
main standby bus MBS4/1. It includes the 11-kV busbars of Substation No. 2, Sections 1
and 2 buses, associated transformers, main standby buses MBS4/1 and MBS4/2,
associated diesel generators (Detroit and Lister), and associated breakers. Success of this
top event requires the power supply from Substation No. 2 via main standby bus MBS4/1
to be available for 24 hours. In the event of loss of offsite power supply to Substation
No. 2, success of this top event requires the Detroit diesel generator to start and run,
reenerziging the main standby bus MBS4/1 for 24 hours. If power to bus MBS4/1 is
unavailable, credit is taken for the operator to manually crosstie the bus MBS4/1 to
bus MBS4/2, and in the event that normal power supply to bus MBS4/2 is not available,
operator action is also credited to connect the Lister diesel generator onto the bus.

•

Top Event SEC1 — Section 1 of Substation No. 1. This top event models the
availability of power from the Section 1 bus of Substation No. 1 for 24 hours. It includes
the Section 1 bus, associated 11-kV busbar, the feed breaker from bus A at main
substation to the 11 -kV busbar, and the 11 -kV/415V transformer No. 1.

•

Top Event SEC3 — Section 3 of Substation No. 1. This top event models the
availability of power from the Section 3 bus of Substation No. 1 for 24 hours. It includes
the Section 3 bus, associated 11-kV busbar, feed breaker from bus B at main substation to
the 11-kV busbar, and the 1 l-kV/415V transformer No. 3.

•

Top Event LSA — Line Supply A. This top event models the availability of power
from the line supply A for 24 hours after an initiating event. It includes the line supply A
bus, breakers LSA-03 and LSA-S2 (from Section 1 bus of Substation No. 1 to the line
supply A bus), and the ventilation fans in room Cl where the line supply buses are
housed. At least one room ventilation fan must be in operation for 24 hours for success
of this top event.

•

Top Event LSB — Line Supply B. This top event models the availability of power
from the line supply B for 24 hours after an initiating event. It includes the line supply B
bus, breakers LSB-03 and LSB-S14 (from Section 3 bus of Substation No. 1 to the line
supply B bus), and the ventilation fans in room Cl where the line supply buses are
housed. At least one room ventilation fan must be in operation for 24 hours for success
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of this top event. An intermediate top event fault tree model LSS consisting of the
components associated with line supplies A and B was developed to evaluate the
unavailability of each line supply and the unavailability of both line supplies.
•

Top Event SSA — Standby Supply A. This top event models the availability of power
from the standby supply A for 24 hours after an initiating event. It includes the Group 1
through 4 buses and associated breakers, the associated standby diesel generator SDA
and its auxiliary system, and the ventilation fans in room A2 where the standby supply A
buses are housed. In the event of loss of line supply A, success of this top event requires
the diesel generator SDA to start and run, and reenergizing the standby supply B Group 1
through 4 buses for 6 hours.

•

Top Event SSB — Standby Supply B. This top event models the availability of power
from the standby supply B for 24 hours after an initiating event. It includes the Group 1
through 4 buses and associated breakers, the associated standby diesel generator SDB and
its auxiliary system, and the ventilation fans in room B2 where the standby supply B
buses are housed. In the event of loss of line supply B, success of this top event requires
the diesel generator SDB to start and run, and reenergizing the standby supply B Group 1
through 4 buses for 6 hours. An intermediate top event fault tree model SSS consisting
of the components associated with the standby supplies A and B was developed to
evaluate the unavailability of each standby supply and the unavailability of both standby
supplies.

•

Top Event BBA — Battery Board A. This top event models the availability of DC
power from battery board A for 24 hours. It includes the +/- 24V DC bus, batteries,
battery chargers (rectifiers), associated breakers, and the ventilation fans in room A3
where the battery chargers are housed. Success of this top event requires the batteries or
the charger to energize the battery board for 1 hour (battery life) and the battery chargers
to energize the battery board for the remaining 23 hours.

•

Top Event BBB — Battery Board B. This top event models the availability of DC
power from battery board B for 24 hours. It includes the +/- 24V DC bus, batteries,
battery chargers (rectifiers), associated breakers, and the ventilation fans in room B3
where the battery chargers are housed. Success of this top event requires the batteries or
the charger to energize the battery board for 1 hour (battery life) and the battery chargers
to energize the battery board for the remaining 23 hours.

•

Top Event OSI — Manual Actuation of ECCS. This top event models the operator
actions to actuate the ECCS given that one or both trains of the ECCS actuation signals
are unavailable. There is no hardware modeled in this top event.

•

Top Event ESA — ECCS Train A Signal. This top event models the availability of the
ECCS train A actuation signal when the RAT level falls below the LI setpoint. It
includes the RAT level instrument channels 1 and 2, and the logic trip module. Each
instrument channel consists of a level transmitter, a bistable, and a signal relay. Power
supply to the train A ECCS instrument panel via an inverter is not modeled since loss of
power to the instrument panel will result in the generation of the actuation signal.
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Top Event ESB — ECCS Train B Signal. This top event models the availability of the
ECCS train B actuation signal when the RAT level falls below the LI setpoint. It
includes the RAT level instrument channels 3 and 4, and the logic trip module. Each
instrument channel consists of a level transmitter, a bistable, and a signal relay. Power
supply to the train B ECCS instrument panel via an inverter is not modeled since loss of
power to the instrument panel will result in the generation of the actuation signal. An
intermediate top event fault tree model ESS consisting of the components associated with
the trains A and B ECCS actuation signals was developed to evaluate the unavailability
of each train of signal and the unavailability of both trains of ECCS signals.
Top Event OPN — Operators Align Power to Panel N. This top event models the
operator action to perform any one of the following depending on the scenario:
1. Align the standby rectifier/motor-generator set after plant trip and loss of duty motor
generator set.
2. Align the Rig diesel generator(s) and reset rectifier after a loss of offsite power event.
3. Align switchboard DB-S2 to DB-S1 given the loss of power from Substation No. 1,
Section 3.
In addition, the operators will manually close the tie breaker Fl 1 to provide alternate
power supply to the instrumentation section from the normal Section 2 of the APR
switchboard, in the event that the normal power supply from the standby section to the
instrumentation section via the motor generator sets or tie breaker K21 is unavailable.
There is no hardware modeled in this top event. The time window assumed for the
recovery actions is 30 minutes. In practice, these failures would not occur for at least
40 minutes.
Top Event PN — Panel N Instrumentation Power. This top event models the
availability of Panel N instrumentation power for 24 hours. It includes Sections A, B, C,
D, E, and G buses of the panel, transformers associated with Sections E and G, rectifier
associated with Section D, distribution board DB042, the instrumentation section of the
APR switchboard, and associated breakers. Also modeled in this top event are equipment
associated with the normal power supply from the standby section of the APR
switchboard to the instrumentation section (via motor generator sets, rectifiers, and
batteries or via the tie breaker K21), the alternate power supply from the normal Section
No. 2 of the APR switchboard via the tie breaker Fl 1, switchboard DBR5, Rig diesel
generators and their auxiliaries, distribution boards SBA15 and BDS1, and associated
breakers. Success of this top event requires the instrumentation section of the APR to
supply power to Panel N for 24 hours. Extended losses of power at Panel N are of
interest in this top event. Any momentary loss of power supply to Panel N, those less
than 30 minutes in duration, do not contribute to top event failure. At least 40 minutes
are available to restore power.
Top Event MW — Mains Water Supply to HIFAR Area. This top event models the
availability of mains water supply from the water tower or the makeup pumps to the
HIFAR area for 24 hours, directly via the flow path through sectional valve Wl or
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indirectly via the flow path through sectional valve W2. Major components and structure
modeled in this top event includes the water tower, piping and sectional valves from the
water tower to the HIFAR area, makeup pumps and associated suction and discharge
valves, and the low level reservoir. Pipe breaks within and beyond the capacity of the
makeup pumps are modeled, and credit is taken for the recovery actions by the plant
people to isolate these pipe breaks within 5 hours of the break.
•

Top Event CPA — Compressed/Service Air Supply. This top event models the
availability of the compressed/service air supply to HIFAR for 24 hours. Major
equipment modeled in this top event includes the normally operating water cooled
compressor in Building 4, the air receivers in Building 4, air supply piping and valves
from Building 4 to the HIFAR.area, the air cooled compressors in the APR, the general
service air receivers and the instrument air receiver in the APR, and pressure relief valves
for the compressors and receivers. Premature opening of the pressure relief valves for the
compressor and air receivers will depressurize and fail the air supply system.
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Table 7.1-1 (Page 1 of 5). HIFAR Site Support-To-Support System Dependency Matrix

6

6

6

6

Chilled Water System A

-

Chilled Water System B

-

Chilled Water System C

-

APR Compressors

-

Building 4 Compressed Air

22 x,5 x,5 x,5

Water Mains

x,2 -

Notes:
1. The three mains water supply pumps (#1 and #2, 301/sec each, and a fire water booster
pump, 601/sec) are located in the boiler house (Building 4) and are normally supplied motive
and control power from MBS4/1. The fire water booster pump can be used if the other two
pumps are unavailable. Feeder 1 of Substation 2 supplies power to MBS4/1. All above
equipment can be crosstied to MBS4/2, supplied from feeder 2 of Substation 2. In the event
of loss of power to MBS4/1, backup diesel generator (Detroit) starts automatically and
supplies power. In the event of loss of power to MBS4/2, another backup diesel generator
(Lister) may be started manually to supply power. Both diesels have their own batteries for
startup and controls.
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Table 7.1-1 (Page 2 of 5). HIFAR Site Support-To-Support System Dependency Matrix
2. The Ingersoll Rand air compressor is supplied power from MBS4/1 and the Compair
compressor is supplied power from MBS4/2. The compressors are run continuously on
alternate months, supplying general air. Both are cooled by mains water. There are two
other compressors in Building 4 and they are both air cooled and on standby. They start
automatically on low air header pressure. A fifth air compressor is also available, air cooled,
and is coupled to a mobile diesel unit. It starts automatically on low air pressure or loss of
electric supply.
3. Battery board A and battery board B keep the standby diesel generators' batteries charged
through battery chargers. The two boards provide 48V control power to the SSA and SSB
standby supplies. The two boards also supply power to ECCS-A and ECCS-B through static
inverters (see Notes 8 and 9).
4. The two instrument air compressors in the APR are fed from Section 1 through LSA
(DB110). The air compressor for the vehicle air lock is from Section 3 through LSB
(DB211).
5. Provides makeup water to the evaporative condensers.
6. Except for the diesel generator rooms Al and Bl, each room in Building 70 has two fans:
one in operation and the other in standby. They are actuated by room temperature. Fans in
rooms A2 and A3 are powered from SSA and the fans in rooms B2 and B3 are from SSB. In
rooms Cl and C2, one fan is from SSA and the other fan from SSB. The diesel generator
rooms have no fans and none are required. Failure of both fans in a room is assumed to
cause failure of the switchgear and MCCs in that room.
7. a. Under normal conditions, power is supplied to panel N from Substation 1, Section 3,
breaker SI3 by the following route: Substation 1 Section 3 breaker S13 to normal
Section 2 via isolator D7. From normal Section 2 breaker F12 power is fed via change
over contactors in the rig diesel generator control console to switchboard DBR5 and then
to standby section through circuit breaker P41. Power is then supplied from the standby
section through the rectifier (one of the two is aligned, the other is in standby) that
converts the 415V AC to 300V DC to charge a battery (30 minutes rated capacity) and
drive one of the two motor generator sets. The motor generator sets (only one of which is
operating) produce 415V AC to feed the instrumentation section from where it is fed
through fuse switch G16 to distribution board DB042. Here, the supply is split into three
240V AC single phase circuits to panel N. DB042 also supplies one 240/50V
transformer and one 240/24V transformer, both of which supply panel N.
b. On loss of normal supply, the selected rig diesel generator automatically starts and
provides power through the change over contactors to switchboard DBR5, and then to the
rectifier units that must be manually reset following interruption to their supply. The
30-minute battery supplies power to the motor generator set during the period that the
rectifier is inoperative, thus maintaining an uninterrupted supply to panel N. The
30-minute battery also supplies power in the period when the selected rig diesel
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generator fails or the selected rectifier fails and the respective standby unit is aligned
manually.
c. In the event of failure of both the rig diesel generators, site standby supply is available
from Substation 2 vital distribution board DBS land then through standby board SBA15
to switch board DBR5 and through to panel N using the same route as described in item a
above, and again requiring resetting of the rectifier and the motor generator set.
d. On failure of the selected motor generator set, the instrumentation section of the reactor
plant room board automatically ties to the standby section through breaker K21.
e. On failure of the automatic tie through K21, the instrumentation section of the reactor
plant room board may be manually tied to the normal section No. 2 through breaker Fl 1.
8. a. Power (240V AC) from standby supply SSA switchboard is fed through combination
fuse switch SSA-53 to inverter IEA and then to the ECCS-A instrumentation. In the
event of loss of normal supply to SSA, standby diesel generator A (SDA) automatically
starts and provides power to standby supply SSA switchboard.
b. During the period between loss of normal power and starting of standby diesel generator
SDA, battery board BBA provides +24/-24V DC through combination fuse switch
BBA-26 to inverter IEA, which produces 240V AC for the ECCS-A instrumentation.
Power to battery board BBA is provided by +24V battery BDA-01 and -24V battery
BDA-02, which are float charged by rectifiers RDA-01 from CFS SSA-48 and RDA-02
from CFS SSA-50 respectively.
c. In the event of failure of battery board A to supply power to inverter IEA, +24V/-24V
DC is instead automatically supplied to the inverter from battery board BBB through
combination fuse switch BBB-24.
9. a. Power (240V AC) from standby supply SSB switchboard is fed through combination fuse
switch SSB-53 to inverter IEB and then to the ECCS-B instrumentation. In the event of
loss of normal supply to SSB, standby diesel generator B (SDB) automatically starts and
provides power to standby supply SSB switchboard.
b. During the period between loss of normal power and starting of standby diesel generator
SDB, battery board BBB provides +24/-24V DC through combination fuse
switch BBB-26 to inverter IEB, which produces 240V AC for the ECCS-B
instrumentation. Power to battery board BBB is provided by +24V battery BDB-01 and
-24V battery BDB-02, which are float charged by rectifiers RDB-01 from CFS SSB-48
and RDB-02 from CFS SSB-50 respectively.
c. In the event of failure of battery board B to supply power to inverter IEB, +24V/-24V DC
is instead automatically supplied to the inverter from battery board BBD through
combination fuse switch BBD-24.
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10. Battery board BBA is supplied from standby supply SSA through: (a)+24V
rectifier RDA-01 (which also provides a float charge to +24V battery BDA-01), and
(b) -24V rectifier RDA-02 (which also provides a float charge to -24V battery BDA-02).
When power is lost from SSA, batteries BDA-01 and BDA-02 continue to provide power to
BBA loads for 60 minutes if board BBB is energized. If power is not available from
board BBB, then the batteries will last 30 minutes.
11. Battery board BBB is supplied from standby supply SSB through: (a) +24V
rectifier RDB-01 (which also provides a float charge to +24V battery BDB-01), and
(b) -24V rectifier RDB-02 (which, also provides a float charge to -24V battery BDB-02).
When power is lost from SSB, batteries BDB-01 and BDB-02 continue to provide power to
BBB loads for 60 minutes if board BBA is energized. If power is not available from
board BBA, then the batteries will last 30 minutes.
12. On loss of power from LSA, an undervoltage relay in SSA provides a signal to the diesel
generator SDA control cubicle DCC-A to start diesel generator SDA. When DGA has
started and voltage is sensed at DCC-A, circuit breaker LSA-05 and motorized
switch SSA-68 (which normally connects SSA to LSA) are tripped and circuit breaker
SSA-66 closes the diesel generator on to the Group 1 bus of SSA. Fifteen seconds after
power is restored to Group 1, contactors K01 and K02 close Group 2 bus of SSA on to the
energized Group 1 bus. Thirty seconds after power is restored to Group 1, contactor K03
and K04 close Group 3 bus of SSA on to the energized Group 1 bus. Forty-five seconds
after power is restored to the Group 1 bus, contactors K05 and K06 close Group 4 bus on to
the energized Group 1 bus. Combination fuse switch units SSA-42, SSA-44, SSA-31,
SSA-33, SSA-22, and SSA-23 remain closed during automatic switching of diesel
generator SDA to SSA. DC control power (+24V) is provided to SSA from battery
board BBA and in the event of loss of supply from BBA +24V is automatically supplied
from battery board BBB.
On loss of DC control power, the automatic switching function of motorized breakers is lost.
They retain the trip functions of their fault releases and may be operated manually.
13. On loss of power from LSB an undervoltage relay in SSB provides a signal to the diesel
generator SDB control cubicle DCC-B to start diesel generator SDB. When DGB has
started and voltage is sensed at DCC-B, circuit breaker LSB-05 and motorized
switch SSB-68 (which normally connects SSB to LSB) are tripped and circuit
breaker SSB-66 closes the diesel generator on to the Group 1 bus of SSB. Fifteen seconds
after power is restored to Group 1, contactors K01 and K02 close Group 2 bus of SSB on to
the energized Group 1 bus. Thirty seconds after power is restored to Group 1,
contactor K03 and K04 close Group 3 bus of SSB on to the energized Group 1 bus.
Forty-five seconds after power is restored to the Group 1 bus, contactors K05 and K06 close
Group 4 bus on to the energized Group 1 bus. Combination fuse switch units SSB-42,
SSB-44, SSB-31, SSB-33, SSB-22, and SSB-23 remain closed during automatic switching
of diesel generator SDB to SSB. DC control power (+24V) is provided to SSB from battery
board BBB and in the event of loss of supply from BBB +24V is automatically supplied
from battery board BBB.
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On loss of DC control power, the automatic switching function of motorized breakers is
lost. They retain the trip functions of their fault releases and may be operated manually.
14. Power is provided from circuit breaker S2 on Section 3 of Substation 1 to online
isolator LSA-03 (manually operated) on line supply LSA. The switching and indication
power to breaker S2 is 240V DC from a battery in Substation 1.
15. Power is provided from circuit breaker S14 on Section 1 of Substation 1 to online
isolator LSB-03 (manually operated) on line supply LSB. The switching and indication
power to breaker S14 is 240V DC from a battery in Substation 1.
16. Power is provided from the 11-kV bus to Section 1 through a 1 l-kV/415V transformer and
circuit breaker SI. 240V DC from a battery in Substation 1 provides control power to
breaker SI.
17. Power is provided from the 11 -kV bus to Section 3 through a l l -kV/415V transformer and
circuit breaker SI 1. 240V DC from a battery in Substation 1 provides control power to
breaker SI 1.
18. Supply to all circuit breaker operations in auxiliary plant room comes from a 240V battery
in Substation 1.
19. Control power to the breakers in Substation 2 is from a 240V battery in Substation 2.
20. CIS console A is provided power from the inverter IIA. This inverter is fed from SSA,
battery board A, and battery board B. Failure of power to the console results in the
generation of a containment isolation signal for train A valves.
21. CIS console B is provided power from the inverter IIB. This inverter is fed from SSB,
battery board B, and battery board A. Failure of power to the console results in the
generation of a containment isolation signal for train B valves.
22. Building 4 compressors supply general service air and instrument air. The APR
compressors back up the general service air to the RCB.
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Support Synems

I
Substation 1. II kV
Substation 2.11 kV
Section 1 of Substation 1.415V
Section 3 of Substation 1.415V
240V DC Battery. Substation 1
240V DC Battery. Substation 2
Line Supply' A (LSA). 415V
Line Supply B O-SB). 415V
Standby Supply A (SSA). 415V
Standby Supply B (SSB). 415V
Standby Diesel Generator A (SDA)
Standby Diesel Generator B (SDB)
Battery Board A (BBA). 48V DC
Battery Board B (BBB). 48V DC
MCC ECCS-A Cabinet 5
MCC ECCS-B Cabinet 3
Panel N. 240 V AC and 50V DC
ECCS-A Instrumentation and Logic
ECCS-B Instrumentation and Logic

Building 70 Ventilation
Chilled Water System A
Chilled Water System B
Chilled Water System c
Instrument/Compressed Air
Building 4 Compressed air
Water Mains

Notes:
1. Reactor trip due to loss of power to main D2O and main H2O pumps.
2. Reactor trip due to loss of power to main H2O pumps.
3. Reactor trip due to loss of power to main D2O pumps.
4. Provides backup heat exchanger cooling to the H2O system during shutdown conditions.
Mains water also provides makeup to the cooling pond.
5. Provides cooling to the No. 1 Storage Block heat exchangers. Also provides makeup water
to the No. 1 Storage Block pool.
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6. Valve 2129-A is held closed by compressed air. A pilot valve is deenergized to actuate by
ECCS-A and to vent the air and open the relief valve on low level in the RAT (Level 1). The
pilot valve also deenergizes on loss of power to MCC-5, thereby leading to the opening of
the valve. The valve will also open on loss of compressed air. Operators manually isolate
compressed air to the RCB when sealing the building.
7. Valve 2130-B is held closed by compressed air. A pilot valve is deenergized to actuate by
ECCS-B and to vent the air and open the relief valve on low level in the RAT (Level 1). The
pilot valve also deenergizes on loss of power to MCC-3, thereby leading to the opening of
the valve. The valve will also open on loss of compressed air. Operators manually isolate
compressed air to the RCB when sealing the building.
8. The standby active ventilation system (SAVS) consists of one fan, a duplex water seal, and
two butterfly valves. The SAVS does not operate from the CIS and is normally in the
shutdown state with the water seal flooded and the butterfly valves closed. The SAVS is
operated from the emergency control room (ECR) by an operator manually opening a drain
valve on the water seal, energizing a relay to operate compressed air cylinders to open the
butterfly valves and to start the fan. Shutting down the SAVS is again performed by an
operator from the ECR. The power supply for the SAVS is from Group 1 bus on SSB. The
compressed air can be either instrument air or Building 4 general service air.
9. One of the two ECR ventilation fans is started by the reactor operators in the event of
evacuation of the RCB and thus needs occupation of the ERC. The fan is manually started
by operating a switch in the ECR fan house immediately outside the door of the ECR. ECR
ventilation fan No. 1 is supplied from switchboard SSA. ECR ventilation fan No. 2 is
supplied from switchboard SSB. In the event of failure of the operating ventilation fan, it
would be necessary for an operator to leave the ECR, enter the fan house, start the second
ventilation fan and change over the supply damper from the failed fan to the standby fan.
10. Power to both helium pumps 2G4/1 and 2G4/2 and the helium cooler fan 2G11 are supplied
from the switchboard LS A. Under normal conditions, only one pump is operated. In the
event of pump failure or the need to operate both pumps together, the second pump must be
manually started from the reactor basement.
11. The helium gas holder protection valves PV1 and PV2 are held open by compressed air
pressure. On high pressure in the helium circuit, contacts in two pressure switches open and
cut the power supply (from Panel N) to a solenoid valve on each protection valve. Without
power, the solenoid valves relieve air pressure in the protection valves permitting them to
close under spring pressure. The protection valves will also close on loss of compressed air
or loss of power from panel N to the solenoid valves. Closure of either protection valve
causes a micro switch in the reactor protection circuit to open, initiating a reactor trip. Loss
of compressed air also causes a false low D2O slow reactor trip.
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12. RAT level indicators #2 and #3 are supplied through the instrumentation panel N from
bus DB042. However, RAT level indicator #1 is a pneumatic instrument operating from the
compressed air supply and independent of panel N. RAT level indication is available in
both the RCR and ECR from all four channels of the ECCS, which is also independent of
panel N.
13. Mains water is used to flood the RAT after loss of cooling or loss of D2O level. Mains
water is also used to flood the DPR in order to partially submerge the D2O heat exchangers
for improved D2O cooling.
14. Loss of SSA causes the CCAs to fall off their magnets and the Londex relay to generate a
"low flow at cooling towers" signal, causing the main H2O pumps to trip. This leads to a
reactor trip.
15. Loss of SSB causes loss of power to the trip amplifiers for the isotope irradiation
rigs X33/34, leading to the generation of "loss of cooling" signal. This leads to a reactor
trip.
16. The D2O shutdown pumps are started by ECCS trains A and B on low level in the RAT
(Level 1). If the level in the RAT drops to Level 2, both the pumps are tripped. They are
restarted automatically when the level reaches Level 2 + 3 cms. The D2O shutdown pumps
are also started by their respective ECCS trains on loss of all main D2O pumps.
17. The CIS-A water seals are flooded by deenergizing one of a pair of solenoid valves and
drained by energizing another two solenoid valves. Power to the CIS train A valves is
provided through CIS console A and power to CIS train B valves is provided through the
CIS console B.
18. Loss of compressed air will create a seal of the RCB in deenergized state, activating normal
input B closure, normal extract B closure, and active extract B closure.
19. The RCB fans will trip on a containment isolation signal.
20. On loss of instrument air, the isolation valves A63 and A64 fail in closed position, isolating
instrument air to the RCB. On loss of general services air, the isolation valves A65 and A66
fail in closed position, isolating general air to the RCB.
21. The main D2O pumps are tripped on an LI signal and prevented from restarting until the
signal is manually reset.
22. When power from line supply A or B is lost, the indicated equipment automatically restarts
when power is restored to the associated standby supply bus, provided the train of
equipment affected was normally running.
23. When power from line supply A or B is lost, manual restart of the indicated equipment is
required after power is restored to the associated standby supply bus.
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Table 7.1-3. Operating Limits for Key Equipment within the Reactor Containment Building

C/l

s

I
o

I
t—*
OO

Equipment
Main Heavy Water
Pumps
Heavy Water Shutdown
Pumps
Liquid Level Pumps

Location
Heavy Water Plant Room

Temperature Limits
70°Cs

Humidity Limits
Operates in Water

Radiation Limits1
10" Gy

References
11,7,1

Heavy Water Plant Room

100%2

10" Gy

12,12,1

100%2

10" Gy

12,12,1

Scavenge Pumps

Heavy Water Plant Room

120°C for insulation;
70°C ambient3
120°C for insulation;
70°C ambient3
70°C4

10" Gy

7,7,1

RAT Pressure Relief
Isolation Valves
ECCS RAT Level DP
Cells
Space Conditioners

Heavy Water Plant Room

Unknown

Operates Submerged in
Water
Unknown

Unknown

Heavy Water Plant Room

> 80°C6

Unknown

Unknown

13--6

RCB 10 Meter Level

130°C

10" Gy

6/9,8,1

RCB Basement, 5m Level,
and 10m Level

40°C with 24-Hour
Average of 35°C

Designed to Condense
Water from RCB
Atmosphere
50% Relative Humidity at
40 o Cand90%at20°C

10" Gy

1,1,1

Distribution Boards

Heavy Water Plant Room

6

'1 Gray= 100 rad.
The heavy water shutdown/liquid level pump motors are fully sealed for protection against moisture.
3
A qualification temperature specific to this item is not available. The heavy water shutdown pump motors are designed for continuous operation up to 54°C.
Motor deratings are specified as 85% at 55°C and 80% at 60°C. Based on the pump performance curves, the motors are currently only loaded to about 60% of the
motor rating. It is assumed that the motor will fail to perform its function for ambient air temperatures at 70°C. An NPSH curve for these pumps is not available.
The available suction head is less for the liquid level pumps, but both are judged to have adequate NPSH, even at the elevated temperatures. These pumps have not
been tested at or above 70°C ambient temperatures.
"The scavenge pumps have been flow tested at 80°C, but the manufacturer's recommended service temperature is only 70°C.
'The main heavy water pumps are designed for steady state operation pumping fluid at less than 52°C. The pumps are loaded only to 90% of the motor rating
capacity. An NPSH curve for this pump is not available, but it is believed to be adequate. Some margin above the design limit is therefore expected, and 70°C has
been assumed. These pumps have never been operated at or above 60°C at HIFAR. However, ANSTO has purchased similar pumps from the now decommissioned
DIDO reactor. At DIDO, such pumps were routinely operated at 70°C. Therefore, this temperature is assumed to limit the pumps for HIFAR.
6
The RAT pressure relief isolation valves and the ECCS RAT DP cells are both fail safe equipment items. It is assumed that these equipment items will fail safe
when temperature, humidity, or radiation limits, as yet unspecified, are exceeded. Premature opening of the RAT pressure relief isolation valves has no deleterious
affect because the 25 kPa(g) burst disc must also open to relieve RAT pressure. Additionally, the ECCS RAT DP cells are likely to fail only after the heavy water
shutdown pumps and scavenge pumps have already exceeded their temperature limits.
2
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Figure 7.1-1. Support System Event Tree
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7.2 Electric Power System
7.2.1 System Description and Normal Operation
The Research Laboratory has a duplicate 33-kV electricity supply to the site main substation
where it is transformed to 11 kV and distributed to, among others, the No. 1 Substation near
HIFAR. From there, it is reticulated underground at 415V to the HIFAR pump house and,
separately, to the "A" and "B" normal supply switchboards in the reactor EPSS. A simplified
diagram of the supply from offsite is shown in Figure 7.2-1. A simplified diagram of the onsite
power supply system is shown in Figure 7.2-2. Figures 7.2-1 and 7.2-2 are taken from
Reference 7.2-1. The Substation No. 2 supply to the Building 4 switchboards is shown in
Figure 7.2-3.
HIFAR is designed to use mains electricity to power the reactor plant, and the reactor
automatically shuts down if the supply is lost. However, even when the reactor is shut down,
electrical power might still be necessary for cooling pumps and other safety provisions. The
reactor electrical power supply systems (EPSS) not only distribute electricity to the reactor but
also provide alternative power to essential plant if the mains supplies fail.
The two EPSSs are designated "A" and "B." In general, the A system powers all systems and
units with A or No. 1 designation; the B system, all with B or No. 2 designation.
Each EPSS incorporates:
•
•
•

A line supply system.
A standby power supply.
Uninterruptable supply system (UPS).

Loads not essential for safety are supplied with electricity from the mains by the line supply
system. If the mains fail, the reactor shuts down.
The UPS are rectifier/inverter systems designed to provide power to instrumentation and
protection systems. Continuity of supply is provided by batteries with a 30-minute duration.
The inverters have yet to give satisfactory service and the reactor instrumentation is connected to
the original motor alternators.
Instrumentation Panel N receives power from the switchboard DBR5 via the APR switchboard
standby section, rectifiers and battery, motor-alternators, instrumentation section of the APR
switchboard, and distribution board BDO42. There are two redundant rectifiers. One is
normally in operation, and the standby rectifier is manually aligned to power the motor generator
set in the event the normally operating rectifier fails. A simplified diagram showing the power
supply to the instrumentation Panel N is provided in Figure 7.2-4.
Switchboard DBR5 is normally powered from the Substation No. 1 Section 3 bus via the APR
switchboard normal Section 2. On loss of this normal supply, the selected duty rig diesel
generator starts automatically and provides power to switchboard DBR5. The other rig diesel
can be manually aligned to power switchboard DBR5 in the event the selected rig diesel fails.
On loss of both rig diesel generators, switchboard DBR5 can be powered from Substation No. 2
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standby switchboard via distribution boards DBS1 and SBA15. In this analysis, we also take
credit for the supply from Substation No. 2.
Panel N consists of Sections A, B, C, D, E, and G (Reference 7.2-2). Sections E and G are
powered from DBO42 via transformers, and Section D is powered via a rectifier.
7.2.2 System Operation during Abnormal Conditions
The standby systems supply mains electricity to the systems and plant necessary to ensure
reactor and public safety. If the mains fail, standby diesel alternators are started to automatically
restore the electricity supply within a few seconds. Because the standby systems provide power
to active units of the engineered safety, provisions (for example, scavenge pumps), the standby
systems are also classed as engineered safety provisions
The standby diesel generator A (SDA) supplies power to the SSA bus on loss of power supply
from the line supply A bus. A similar situation exists for standby diesel generator B.
On loss of line supply A power and after the standby diesel generator A has energized the SSA
Group 1 bus, the contactors associated with the Groups 2 through 4 buses must close for
emergency power to be available to the Groups 2 through 4 buses. The same is true for the
corresponding contactors associated with the SSB buses.
On loss of the duty motor generator set, the tie breaker K21 (for the APR switchboard standby
section and the instrumentation section) will close within 10 seconds to supply power from the
standby section to the instrumentation section. This is included in the model. If tie breaker K21
fails to close on loss of the duty motor generator set, the operator is required to manually align
the standby motor-alternator to power the instrumentation board. An alternate route of getting
power from the APR switchboard normal Section 2 to the APR switchboard instrumentation
section is via the cross tie breaker Fl 1. Manual action is required to close the tie breaker.
The rig diesel generators are redundant. For scenarios in which the normal power supply from
Substation No. 1 Section 3 bus is unavailable, operator actions are required to reset the rectifier,
and to align the standby rig diesel generator in the event the selected rig diesel generator is
unavailable.
7.2.3 Top Events
•

Top Event OG. This top event includes the equipment associated with the lines from
Jannali and Engadine to the 11-kV busbars in the main substation switchyard (including
the busbars) and the 11-kV bus A and bus B at the main substation.

•

Top Event SEC1. Top Event SEC1 includes the Section 1 bus, breaker SI, feeder A to
Section 1 breaker, 1 l-kV/415V transformer 1, and associated substation 1,11-kV busbar.

•

Top Event SEC3. Top Event SEC3 includes the Section 3 bus, breaker SI 1, Feeder B to
Section 3 breaker, 1 l-kV/415V Transformer 3, and associated substation 1,1 lkV busbar.

•

Top Event BBA. Battery board A (48V DC), including batteries and battery chargers.
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•

Top Event BBB. Battery board B (48V DC), including batteries and battery chargers.

•

Top Event LSA. Line supply B (415V). Top Event LSA has three components: two
breakers LSA-03 and LSA-S2, from Section 1 of Substation No. 1 to line supply A bus,
and the line supply A bus.

•

Top Event LSB. Line supply B (415V). Top Event LSB also has three components:
two breakers LSB-03 and LSB-S14 from Section 3 of Substation No. 1 to line supply B
bus, and the line supply B bus.

•

Top Event LSS. Intermediate top event to model unavailability of line supplies A
andB.

•

Top Event SSA. Standby supply A (415V). This top event includes the Group 1
through 4 buses and associated breakers, and the standby diesel generator A.

•

Top Event SSB. Standby supply B (415V). This top event includes the Group 1
through 4 buses and associated breakers, and the standby diesel generator B.

•

Top Event SSS. Intermediate top event to model unavailability of standby supplies A
andB.

•

Top Event PN. Panel N instrumentation power. All the sections of Panel N, associated
transformers, rectifiers, breakers, instrument power supply, and motor generator sets are
included in the model.

•

Top Event SUB2. Substation No. 2 and Building 4 switchboard. Top Event SUB2
models the power supply from Substation No. 2 to switchboard DB-S2 in Substation
No. 1 and standby bus SB4/4 in the boiler house. It consists of the Sections 1 and 2
buses, associated transformers, main standby buses MBS4/1 and MBS4/2,11-kV buses,
diesel generators, and associated breakers. Failure of power from Section 1 or 2 is
conservatively assumed to fail the top event.

•

Top Event IESSA. This top event is used for the quantification of the loss of SSA
initiating event (SSSA).

•

Top Event IESSB. This top event is used for the quantification of the loss of SSB
initiating event (SSSB).

•

Top Event IEESA. This top event is used for the quantification of the loss of ECCS
instrumentation power A initiating event (SEIA).

•

Top Event IEESB. This top event is used for the quantification of the loss of ECCS
instrumentation power B initiating event (SEIB).

•

Top Event IEPN. This top event is used for the quantification of the loss of Panel N
initiating event (SPNLN).
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7.2.4 Modeling Notes and Assumptions
1. Offsite power supply is assumed to be lost when supply from either bus A or bus B is
unavailable.
2. Due to common cause failures of components modeled in the two top events, SSA and
SSB, an intermediate top event fault tree model for the standby supplies A and B is
constructed. Train and system unavailabilities are then calculated from the intermediate
fault tree model. These unavailabilities are used to quantify all of the conditional split
fractions for Top Events SSA and SSB. The intermediate top event is named SSS.
3. Standby supplies A and B fault tree models include the 415-kV Groups 1 through 4
buses. Standby supply A, 415V AC, is assumed to be lost if any of the bus group 1,2,3,
or 4 are lost. Standby supply B, 415V AC, is assumed to be lost if any of the bus
group 1,2,3, or 4 are lost.
4. The SDA fault tree model includes the SDA starting batteries, closing of breaker/switch
SSA-66, opening of either breaker LSA-05 or SSA-68, the SDA fuel supply system (fuel
tank, etc.), and the SSA undervoltage relays. Common cause failures are modeled for the
diesel generator start and run failures, and breakers fail to open or close. The mission
time for the diesel generators is 6 hours.
5. The top event fault tree model for battery board A includes the battery board A bus, and
the batteries, battery fuses, rectifiers, and switches/breakers associated with the +24V and
-24V supply. Both supplies are required. The same applies to the battery board B fault
tree model.
6. Two boundary conditions should are considered for Top Events BBA and BBB:
•

AC power is available to the rectifiers and the mission time is 24 hours.

•

AC power is not available due to loss of line supply and the batteries operate for
1 hour (battery life). The mission time is still 24 hours.

7. The operator action to align the standby rectifier and/or the standby motor generator set
for Panel N, in the event of duty component failure, is modeled under a separate top
event, OPN. The manual action to close the crosstie breaker Fl 1 is considered as part of
the operator action to restore power to the APR switchboard instrumentation section
modeled in Top Event OPN.
Operator error in misaligning the rig diesel is included in the model for Top Event PN.
AOR 763 documented an event in which the rig diesel A automatic voltage regulator in
the diesel control cubicle was switched off. This effectively disabled the diesel
generator. The contribution to the unavailability of the rig diesel due to the misalignment
is given by:
F
rT * u
HpE * xi EXP
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where
FT

= the frequency of the rig diesel test (once per month).

HE = the operator error rate of misaligning the rig diesel after test (HEC2).
TEXP = the exposure time or the period during which the misalignment is not
discovered (24 hours).
After the AOR 763 event, the outside operator is required to check and confirm the
position of the voltage regulator switch to be in AUTO. HEC2 is the human error rate of
commission resulting in the misalignment of the rig diesel.
8. Failure of Top Event SUB2 results in the loss of power supply to the switchboard DB-S2
in Substation No. 1 and the main standby buses MBS4/1 and MBS4/2 located in the
boiler house. If power to bus MBS4/1 is unavailable, the bus can be manually crosstied
to MBS4/2. Operator action is also required to close the diesel onto the MBS4/2 bus in
the event the normal power supply to the bus is lost.
7.2.5 Qualitative and Quantitative Model
The fault trees developed for the top event models of the electric power system and the
RISKMAN results reports are presented in Appendix C.
7.2.6 References
7.2-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
7.2-2. Drawing No. AOE63872 Sheet 1.
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7.3 Emergency Core Cooling System
7.3.1 System Description and Normal Operation
In the event of a rupture of the primary cooling circuit, two emergency core cooling systems
(ECCS) automatically pump leaked heavy water from the plant room back to the RAT. They
also cool the reactor core when normal cooling is threatened by loss of heavy water.
They were extensively reconstructed in 1982 as fully automatic systems.
The two systems are similar and virtually independent. They are classed as engineered safety
provisions. They are supported by a plant room flooding system and a connection to provide
makeup water from the mains directly into the RAT.
Each ECCS is automatic and consists of:
•

A scavenge system. A simplified diagram of the scavenge system is presented in
Figure 7.3-1.

•

The primary and secondary reactor shutdown cooling systems. A simplified diagram of
the emergency H2O RAT flooding system is presented in Figure 7.3-2.

•

The venting system. A simplified diagram of the RAT vent system is presented in
Figure 7.3-3.

•

Instruments and controls.

Figures 7.3-1 through 7.3-3 are taken from Reference 7.3-1.
The scavenge systems return leaked water from the plant room to the reactor tank. They are
shown in the simplified flow diagram of Figure 7.3-1. Each consists of a pump and a pipe to the
RAT. During normal operation, the pump is isolated from the reactor by a bursting disk. The
scavenge pumps are in sumps in the heavy water plant room. They are submersible, self-priming
units, capable of running dry for prolonged periods. They start automatically if the reactor water
level is low.
When the scavenge pumps run they can pump air with the water, and this can pressurize the
reactor. The venting system relieves any overpressure. It consists of a bursting disk isolated
from the reactor by two electro-pneumatic valves; each valve opens when the respective ECCS is
started.
The instrumentation monitors:
•
•
•
•

Reactor Water Level
Plant Room Sump Water Level
Reactor Pressure
Systems Status
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7.3.2 System Operation during Abnormal Conditions
The control system is automatic. On low reactor water level, each system independently:
•
•
•
•

Starts the scavenge pump.
Trips the reactor.
Stops all main heavy water circulators.
Opens the isolating valve in the vent system.

Loss of the main heavy water circulators starts both heavy water shutdown circulators.
7.3.3 Top Events
•

Top Event ESA. ECCS train A actuation signal. This top event includes the RAT level
instrument channels 1 and 2.

•

Top Event ESB. ECCS train B actuation signal. This top event includes the RAT level
instrument channels 3 and 4.

•

Top Event ESS. Intermediate top event modeling unavailability of ECCS train A and
train B actuation signal.

•

Top Event SPA. Scavenge pump A, including the associated bursting disc.

•

Top Event SPB. Scavenge pump B, including the associated bursting disc.

•

Top Event SPS. Intermediate top event modeling unavailability of scavenge pumps A
andB.

•

Top Event BD. RAT pressure relief prior to overpressure. This top event includes
scavenge pump burst discs.

•

Top Event RV. One of two RAT pressure relief valves open.

7.3.4 Modeling Notes and Assumptions
1. The model for a RAT level instrument channel 1 (2, 3,4) includes a level transmitter Bl
(B2, B3, B4), a bistable Dl (D2, D3, D4), and an input relay Z3 (Z5, Z7, Z9).
2. Common cause failures are modeled for the input relays. Therefore, an intermediate top
event fault tree model for the ECCS instrumentation/signal logic systems A and B are
constructed, instead of separate fault tree models for each of the top events. Train and
system unavailabilities are then calculated from the intermediate fault tree model. These
unavailabilities are used to quantify all the conditional split fractions for Top Events ESA
and ESB. This intermediate top event is named ESS.
3. Since the loss of electric power supply causes the design ECCS actions to occur, the
electric power support to the ECCS actuation system is not required and, therefore, is not
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modeled. No credit, however, is given to the generation of actuation signals on loss of
electric power to the ECCS actuation system.
4. Calibration errors for sensors and transmitters were not included as contributors to
instrument channel(s) unavailability for the following reasons:
a. The ECCS sensors and transmitters are tested prior to reactor startup.
b. The parameter readings are also checked periodically during power operation.
Any error in the calibration of the sensors and transmitters will either be detected during
the reactor startup tests or during the periodic check on the sensor readings.
Following each planned defueling of the reactor during major shutdowns, the RAT level
DP transmitters are calibrated and checked. The RAT level transmitters are tested on a
monthly basis at the beginning of each program. The RAT level readings are normally
observed by two to three plant people during the tests. During power operation, the RAT
levels are being checked for abnormal readings during each shift. In addition, the HIFAR
DAS provides continuous monitoring of the four DP cell transmitters, and visual and
audible alarms raised if certain RAT level settings are exceeded. It is therefore very
unlikely for the RAT level transmitter calibration errors to remain undetected and
contribute to the unavailability of the sensor channel(s).
Periodic testing, checking, and monitoring of the parameter readings will preclude the
likelihood of calibration errors remaining undetected during power operation.
5. The potential for human error contributions to system unavailability only exist for the
standby systems such as the ECCS. Such human errors include failure to restore the
system to operable status after maintenance or testing of the system. Such errors are not
credible for normally operating systems since any such errors will be detected when the
system is put into operation. Systems of a fail-safe design are generally not susceptible
to this type of human error.
The contributions of human errors to system unavailability was not modeled for the
standby systems because of the following reasons:
a. The systems are required to be tested prior to reactor startup.
b. Testing of the ECCS equipment such as the shutdown D2O pumps and scavenge
•pumps, and the H2O shutdown pumps do not require alignment of valves for the test
and, therefore, the components are not subjected to operator errors of not realigning
the system back to its original configuration.
c. The required post maintenance testing of equipment belonging to standby systems
will ensure that the equipment and, thus, the system are in operable status before
being put back into service after maintenance work has been performed on the
equipment.
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It is concluded that contributions from failure of operators to restore the standby ECCS
systems to operable status after maintenance or testing are not credible and, therefore, not
included in the analysis of the systems.
7.3.5 Qualitative and Quantitative Model
The fault trees developed for the top event models of the emergency core cooling system and the
RISKMAN results reports are presented in Appendix C.
7.3.6 References
7.3-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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7.4 Mains Water Cooling to HIFAR Ring Header
7.4.1 System Description and Normal Operation
Mains water is supplied to the Research Laboratory from the Woronora Dam via the Menai
reservoir. It is delivered to a balance tank and low level reservoir beside Building 4. The tanks
contain water for 2 days normal demand. From the tanks, water is pumped to the site water
tower and the ring main serving HIFAR. A booster pump is available to increase the mains
pressure if necessary. A simplified diagram of the water supply is presented in Figure 7.4-1
(taken from Reference 7.4-1).
7.4.2 System Operation during Abnormal Conditions
The HIFAR ring main system is supplied directly from the water tower via the 150 mm main and
indirectly via a parallel main. During the period when the water tower is taken out of service for
routine maintenance, the mains water supply is provided by the mains water makeup pump(s),
which operates continuously. If this source of water is unavailable, then the alternate supply to
the HIFAR ring main system will be the fire booster pump.
7.4.3 Top Events
•

Top Event MW. Mains water cooling supply to HIFAR.

•

Top Event IEMW. This top event models the loss of mains water supply to HIFAR
initiating event (SMAIN).

7.4.4 Modeling Notes and Assumptions
Mains water cooling to the HIFAR ring header is modeled as a support system that includes the
mains water cooling tower, underground piping, makeup pumps, and the supply to the ring
header. It also includes standby electrical supplies to the makeup pumps.
Components modeled include the 150 mm mains sectional valves from the location of the water
source "Z" to the locations marked "X" (two valves) and "Y" (four valves) in Figure 7.4-1, the
cooling tower (including the inlet valve), and the mains water pumps (including the 0.9 ML low
level reservoir and suction valve). The water pumps are required to supply water to the mains
water system during the routine maintenance of the water tower.
The main standby buses MBS4/1 and MBS4/2 and associated diesel generators are included in
the model for Substation No. 2, Top Event SUB2. The standby bus SB4/4 that supplies power to
the fire water pumps is tied to MBS4/1.
Failure of mains water, as considered in the PSA, involves failure to deliver sufficient flow to
HIFAR loads for an extended period of greater than 5 hours. The model considers failure
contribution of Mains pumps and water tower sources as well as system piping.
The mains water system model incorporates HIFAR-specific data (ATPP3B) for the
unavailability of the system piping due to failures such as leaks and breaks. This distribution
\DIST\REPORT\SECT 7.DOC.01/15/98

7.4-1

directly used experiential data. The distribution ATPP3B was formed in the following manner:
the observation of 2 failures in 91 months was used as an estimate of a median value, and a range
factor of 3 was assumed (see pages 8-2 and 8-3 as well as Table 8-3). Such piping failures,
however, were not beyond the capacity of the mains water makeup pump. The system model
also included a contribution from a pipe break or rupture that is beyond the capacity of the
makeup pumps. It was conservatively assumed that there are 50 sections of these pipes at the
site whose failure will contribute to the unavailability of the mains water supply to HIFAR.
Generic piping failure rate (ZTPP1B) was used in this particular evaluation. The generic piping
failure rate was taken from WASH-1400, which was based on pipe failure information from
various nuclear and nonnuclear sources.
The mains water pipings at HIFAR were inspected periodically. The last inspection was
performed in November 1990. This resulted in a replacement of a 150-mm bend at the curb near
the HIFAR entry gate area. Plant records indicated that there was one pipe failure event resulting
in a loss of mains water to HIFAR for about 1.5 hours. There have been no system failures in
35 years that lasted more than 5 hours.
Operator recovery actions were credited to isolate the pipe breaks modeled in the mains water
system.
Early inquiries of ANSTO revealed that there were no records for failures or maintenance of the
mains water makeup pumps due to personnel turnover as well as the lack of requirement to keep
such records for these pumps. Generic data was therefore used.
In addition, the mains water system model included the plant-specific unavailability of the water
tower due to cleaning performed bi-annually.
To simplify the model, the fire water booster pump was not included in the model since it was
conservatively assumed that it is always out for maintenance.
The unavailability of the mains water system to provide RAT flooding due to system valve
maintenance or repair was included in Top Event ORF. The unavailability value was estimated
based on HIFAR experience in mains water valve repair and maintenance work (AMVMWU).
The model is conservative since some of the actual work done on the mains water valve at
HIFAR did not affect the availability of mains water to provide RAT flooding.
7.4.5 Qualitative and Quantitative Model
The fault trees developed for the top event model of the mains water supply to HIFAR and the
RISKMAN results reports are presented in Appendix C.
7.4.6 References
7.4-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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7.5 Containment Isolation System
7.5.1 System Description and Normal Operation
The reactor containment building shell incorporates four airlocks: three for people and one for
vehicles. Only one of the two doors on each airlock can be open at once.
Passing through the shell are the following openings:
•
•
•

Ventilation Ducts
Isotope Carrier Tubes
Effluent Outlet Pipes

These penetrations must normally be open. The two containment isolation systems (CIS) can
automatically shut them. A simplified diagram of the containment isolation system is presented
in Figure 7.5-1 (taken from Reference 7.5-1).
The measured leak rate of the sealed building is typically 1% day"1 at 10.0 kPa.
The state of the building ventilation, airlock doors, and CIS are displayed in the control rooms.
7.5.2 System Operation during Abnormal Conditions
Each CIS independently monitors the air leaving the building and, if the radioactivity reaches
preset limits, automatically and independently seal the penetrations. The "A" CIS operates the
seals outside the shell; the "B" system operates those inside.
7.5.3 Top Events
•

Top Event CI. Automatic/manual containment isolation on high radiation.

•

Top Event CIB. Automatic/manual isolation of butterfly valves on the five penetrations
with water seals.

•

Top Event TES. RCB isolation test not in progress.

7.5.4 Modeling Notes and Assumptions
1. Operator action to close the SAVS butterfly valves is included in Top Event OIB (see
description in Section 5). The basic events associated with the SAVS in the fault tree are
only the butterfly valves.
2. The SAVS inlet and outlet valves are required to close on demand when the containment
isolation test is in progress. The contributions from these valves is set to zero when the
test is not in progress since the SAVS lines are isolated.
3. The contribution from transfer open failure mode for the butterfly valves is assumed to be
insignificant compared to the contribution from the demand failure mode.
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4. Top Event CI is a conditional top event. It models both the butterfly valves and the water
seal for the ventilation systems, and the redundant isolation valves for the other
penetrations. If Top Event CIB is successful, then we are concerned with the isolation of
the other lines such as the pneumatic conveyors, etc. If Top Event CIB fails, then we
want to calculate the conditional split fraction for the isolation of all the penetrations; that
is, the failure probability of containment isolation for all of the penetrations is calculated
first and then we divide this number by the split fraction for Top Event CIB.
5. There are redundant isolation valves in each of the pneumatic conveyors and the effluent
drain line. Both valves in each of the lines are modeled.
6. The lavatory drain line is scaled inside the RCB by a flooded "U" bend located below the
lavatory. It is very unlikely that the water seal will fail since there are no drain valves
associated with this water seal. It is assumed that the contribution of the lavatory drain
line to the failure of this top event is relatively insignificant.
7. The model for the failure of a water seal for the ventilation line includes the failure of
both flood valves (to open) and failure of both drain valves (to close). The flood valves
for the water seal are redundant, and the drain valves are also redundant. The models for
the normal extract and the active extract systems are similar to that for the normal input
system.
8. Containment isolation signal B (CIS-B) is required for the operation of the ventilation
systems butterfly valves, and the pneumatic conveyors and effluent drain line isolation
valves located inside the containment. However, if Top Event CIB is successful, then
CIS-B is guaranteed available to these valves since the signal is included in the Top
Event CIB model. The model for CIS-B is similar to that for CIS-A.
9. Since the containment isolation system operates in a failsafe mode, the electric power
supply to the system is not required and, therefore, is not modeled. No credit is given to
the automatic isolation of containment on loss of power supply.
10. AOR 502 documented an event in which the relief valves in the outer emergency airlock
and the outer vehicle airlock had been wedged in the open position after a routine RCB
pressure test. The events, however, did not create a leak path from the RCB to the
outside environment. To model the potential for misalignment of equipment that may
result in a leak path from the RCB to the outside, the following are assumed:
a. The RCB is tested 2 times a year.
b. The mean duration before the misalignment is discovered (that is, period between
RCB test—assumed to be 0.4 year).
c. There are 2 events of misalignment in 37 years of HIFAR experience. This
occurrence frequency is assumed to the 95th percentile value of the distribution for
the misalignment event frequency. A lognormal distribution is assumed and is
designated by ACNTLK in the RCB isolation system model.
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d. The probability of a dependent failure of the other barrier is assumed to be 0.05. This
considers the new administrative procedure in place to prevent the reoccurrence of the
event.
The probability of the loss of containment integrity due to misalignment after a RCBV
pressure test is given by:
ACNTLK * (0.4 year) * (0.05)
where the distribution for ACNTLK has the following characteristics:
Mean:
5th Percentile:
50th Percentile:
95th Percentile:

1.44E-2 per year
5.79E-4 per year
5.43E-3 per year
5.12E-2 per year

7.5.5 Qualitative and Quantitative Model
The fault trees developed for the top event model of the containment isolation system and the
RISKMAN results reports are presented in Appendix C.
7.5.6 References
7.5-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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Figure 7.5-1. Containment Isolation System (CIS)

7.6 Reactor Containment Building Ventilation Systems
7.6.1 System Description and Normal Operation
The reactor building is ventilated by the normal inlet, normal extract, and radioactive extract
ventilation systems. The inlet and outlets are balanced to give a building pressure slightly below
atmospheric. Simplified diagrams of the ventilation systems are presented in Figures 7.6-1
and 7.6-2. Both figures were taken from Reference 7.6-1.
The normal inlet system provides filtered, conditioned air at a rate of one change of air per hour.
The normal extract discharges to atmosphere through 5 p. filters and a stack.
The active extract system draws from air cooled rigs and areas where airborne radioactivity may
be expected. The air is discharged through 0.5 \i filters to the stack.
The normal and active systems are monitored by and controlled from panels in the reactor
control room and the emergency control room. All of the extract filters are monitored for
radiation by the containment isolation systems (CIS).
7.6.2 System Operation during Abnormal Conditions
A standby active ventilation system, normally closed, provides temporary active ventilation
when the active extract is closed for testing or maintenance. The controls are in the emergency
control room.
7.6.3 Top Events
•
•
•

Top Event AE. Active extract ventilation.
Top Event NV. Normal ventilation.
Top Event SV. Standby active extract ventilation system.

7.6.4 Modeling Notes and Assumptions
1. The water seal and the butterfly valve belong to the containment isolation system Top
Event CIB, and they are not be included in this top event as basic events. A house event
for successful containment isolation is modeled in place of these basic events.
2. One of the normal extract fans is operating and the other is in standby. In the fault tree
model, a start failure basic event is included for one of the fans (for instance, fan No. 2,
assuming that it is in standby). This applies to both Top Events AE and NV.
3. If a filter assembly on standby is isolated, operator action is required to place the standby
filter assembly into operation by manually opening the filter suction side damper and/or
the discharge side damper. This operator action is modeled in a separate top event, OFN.
4. Operator actions to align the SAVS are modeled under a separate top event, OV.
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5. The SAV path is normally closed. For Top Event SV, the butterfly valve and flood
valves associated with the water seal must operate for success of SAV.
6. Top Event SV also includes the filter assemblies and active extract fans.

7.6.5 Qualitative and Quantitative Model
The fault trees developed for the top event models of the reactor containment building ventilation
system and the RISKMAN results reports are presented in Appendix C.

7.6.6 References
7.6-1. ANSTO fflFAR Descriptive Manual, NTP/TN-189.
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7.7 Reactor Protection System
7.7.1 System Description and Normal Operation
There are six control arm assemblies in the reactor top shield. Each assembly consists of an
absorber blade pivoted from the bottom of a shield plug, operated by a connecting rod from a
drive head on the plug top. The assembly is sealed. The arrangement of the assemblies is shown
in Figure 7.7-1 (taken from Reference 7.7-1).
The arms operate in parallel vertical planes: four between the rows of fuel elements and two
outside the outer rows.
The arms contain cadmium sheet to absorb neutrons. Fully inserted, at an arm angle of 56°
below horizontal, they together absorb 18% reactivity. Fully withdrawn, the arms are horizontal
and the reactivity absorption is negligible. The life of cadmium control arm blades is limited by
burn-up to 2 to 5 years, depending on lattice position.
When used for reactor control, the drives are interconnected electrically to operate as a single
group. They are driven by the reactor operator at the control desk, either at preset slow speeds or
by a fine adjuster.
When used for safety shutdown, magnets, normally energized by the reactor protection system,
deenergize to release the arms from the drives; the absorbers fall to the fully in position. The
arms and the parts of the assemblies essential for safety shutdown (that is, excluding the drives)
are classed as engineered safety provisions.
The arm assemblies and drive system are instrumented to monitor:
•
•
•
•

Arm Position
Armature Off Magnet
Alignment of Drive Slave Motors
Arm Angle

7.7.2 System Operation during Abnormal Conditions
Two safety rod units provide safety shutdown absorbers additional to and different from the
control arms. The absorbers operate in dry liners in the heavy water reflector beside the fuel
elements. The absorber is a rod, containing cadmium, suspended by a steel cable that passes
through a shield plug and over a pulley to a winch on the reactor gallery. The arrangement of the
rods is shown in Figure 7.7-2 (taken from Reference 7.7-1).
The rods hang in the top shield and fall to the core when released by the protection signal
system. The reactivity controlled by each rod in a typical core is 0.5%. The drop time is
approximately 0.65 seconds.
The only function of the rods is safety shutdown. They are classed as engineered safety
provisions. Should the suspension cable break, the rod drops to a safety shutdown position with
the shock absorbed on an anvil.
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7.7.3 Top Events
•

Top Event CCA. Coarse control arms insert.

•

Top Event RTP. RTS signal for primary (CS1) guardline.

•

Top Event RTS. RTS signal for secondary (CS2) guard line.

•

Top Event RPS. Intermediate top event modeling unavailability of both primary and
secondary signals.

•

Top Event SR. Safety rods drop.

7.7.4 Modeling Notes and Assumptions
1. The reactor protection system is modeled under three top events in the general transient
event tree model:
•

RTP

Reactor trip signal for the primary guardline circuit.

•

RTS

Reactor trip signal for the secondary guardline ciccuit.

•

CCA The coarse control arms including the primary guardline and the secondary
guardline circuits.

The top event fault tree model (RPS) for the reactor tip signal considers only the neutron
flux doubling time trip a single surrogate input parameter. Top event fault tree model
RPS is sometimes referred to as an intermediate top event model. The components
modeled in the fault tree model are shown in Figure 7.7-3 (taken from Figure 7.2-6 of
Reference 7.7-1) and they include the ion chambers (radiation sensors), period meters
(bistables), slave relays (input signal relays), and the contact logic (logic trip module)
associated with the neutron flux doubling time trip function. Only signals to the
restricted trip primary guardline and the guard relay associated with the secondary
guardline were considered.
The components modeled in the fault tree model for Top Event CCA are shown in
Figure 7.7-4 (taken from Figure 7.3-1 of Reference 7.7-1), and they include the guard
relay associated with the secondary guardline, the secondary guardline relays, the primary
guardline relays, and the six coarse control arms. The unavailability of Top Event CCA
was calculated for the following boundary conditions:
•
•
•

Reactor trip signals for the primary and secondary guardline circuits are available.
Only the reactor trip signals for the primary guardline circuit is available.
Only the reactor trip signals for the secondary guardline circuit is available.

2. The success of Top Events RTP and RTS requires the availability of the signals to the
restricted trip primary guardline (contact set 1) and the guard relay associated with the
secondary guardline (contact set 2), respectively.
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3. The primary and the secondary guardline circuits to release the CCAs are redundant.
4. Actuation of the secondary guard relay and one of the secondary guardline relays is
required for the successful operation of the secondary guardline circuit to trip the CCAs.
5. It is assumed that the likelihood and the consequences of failure to insert the safety rods
can be neglected as compared to the failure to insert the CCAs.
6. The success criteria assumed for the insertion of CCAs are: three successful CCA
insertion out of six CCAs, or four successful CCA insertion out of six CCAs, or four
successful CCA insertion out of five CCAs.
7. No credit is given to the safety rods for reactor shutdown.
8. For this study, only the neutron flux doubling time trip signals are modeled. The trip
signals are assumed to represent the trip signals generated for all nonleak/LOCA plant
transients.
9. In the current model, if we assume that the failure rate for unrevealed faults is the same as
the failure rate used for the radiation sensors (ion chambers) (that is, X), then the
unavailability of a radiation sensor is given by:

where T is the interval between functional tests or inspections. The six channels of the
radiation sensors (ion chambers) associated with the reactor protection system are
inspected on an hourly basis and the reading are logged. Any failure associated with each
of the radiation sensors will be detected during the hourly inspection. This will give a
mean time of 0.5 hour for not detecting a sensor failure. If it is assumed that the
operators take an additional hour to evaluate the abnormal sensor reading(s), the total
exposure time for estimating the radiation sensor unavailability will be 1.5 hours. This
exposure time is used in the calculation of the unavailability of a radiation sensor.
10. Calibration errors for sensors and transmitters were not included as contributors to
instrument channel(s) unavailability for the following reasons:
a. The protection signal system (PPS) sensors and transmitters are tested prior to reactor
startup.
b. The parameter readings are also checked periodically during power operation.
Any error in the calibration of the sensors and transmitters will either be detected during
the reactor startup tests or during the periodic check on the sensor readings.
The PPS, which includes the safety monitoring assemblies (sensors), set point
comparators, logic systems (including relays) and output devices for reactor trip, is tested
routinely to confirm satisfactory operation of the system. Tests of the PPS are also
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conducted prior to reactor startup. Every 6 months the channels are calibrated remotely
and on a staggered basis. The PPS parameter readings are checked and logged on an
hourly basis. Any abnormal readings due to calibration errors will be detected during the
surveillance.
Periodic testing, checking, and monitoring of the parameter readings will preclude the
likelihood of calibration errors remain undetected during power operation.
7.7.5 Qualitative and Quantitative Model
The fault trees developed for the top event models of the reactor protection system and the
RISKMAN results reports are presented in Appendix C.
7.7.6 References
7.7-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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7.8 Primary Coolant System
7.8.1 System Description and Normal Operation
The primary cooling system transports heat from the reactor core to the main heat exchangers
where it is transferred to the secondary system. Heavy water is the coolant; the circuit outside
the reactor is stainless steel, connected to the aluminium inlet and outlet pipes of the RAT by
bellows.
The heavy water circulates around a closed main circuit through the RAT, main or shutdown
circulators according to the reactor operating state, and heat exchangers. The system has
auxiliary circuits to maintain the water level in the tank and control the chemistry. There are
storage and drain tanks. The circuit contains 10 tones of heavy water; 6 tones are in the RAT. A
simplified diagram of the primary coolant system is presented in Figure 7.8-1 (taken from
Reference 7.8-1).
When the reactor is operating, two for the main circulators are run to pass 400 L s"1 heavy water
at about 50°C through the reactor core. The heavy water pressure at the heat exchangers is
higher than the secondary (light water) coolant pressure to preclude degradation of the former by
light water if there is a leak.
The main circuit and plant are in a plant room below the reactor and are designed to catch and
retain any leaked heavy water. It is instrumented with leak detectors. The plant room is shielded
and has radiation and radioactivity detectors.
The circuit is instrumented to monitor the:
•
•
•
•
•
•
•
•
•

Number of pumps running.
Heavy water flow.
Heavy water reactor outlet temperature.
Heavy water temperature drop through the heat exchangers.
Flow down reactor tank weir pipe.
Tank water levels.
Conductivity.
Primary/secondary circuit pressure difference.
Main circulator motor winding temperatures.

The heavy water is activated when passing through the operating reactor, where the neutron
radiation produces I6N and 3H (tritium). The first is a gamma emitter with a short half-life. The
intensity is reactor power dependent and is a useful indicator of reactor power. The second is a
beta emitter of 12.3 years half-life. The intensity of the 3H depends on the integrated reactor
power and special health physics and environmental protection procedures are required to
contain the hazard from it.
The main heat exchangers were replaced in the late 1960s.
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7.8.2 System Operation during Abnormal Conditions
The main circuit is classed as safety-related because failure could cause a loss of coolant.
Nonstandard operations and all maintenance are subject to special administrative control.
However, all parts of the system outside the reactor shield are accessible for replacement once
the reactor is shut down.
Normally the operators trip the running main D2O pumps after a reactor trip if the plant is to
remain shutdown. The operators will only leave the main D2O pumps running if they are going
back up to power after the reactor trip. The D2O pumps may not be available (that is, tripped)
when the reactor remains shutdown.
7.8.3 Top Events
•
•
•
•
•
•

Top Event D2O. Main D2O or shutdown pumps.
Top Event HXC. Heat exchanger cooling from outside after fuel damage.
Top Event HXF: Gravity driven flow through heat exchangers.
Top Event LLP. Liquid level pump.
Top Event NRV. Two of two main D2O pump nonreturn valves reseat.
Top Event RED. Recovery of D2O forced flow.

7.8.4 Modeling Notes and Assumptions
1. After reactor trip, the operators are assumed to shutdown the two operating main heavy
water pumps. The main heavy water pump nonreturn valves are then supposed to reseat.
Top Event NRV models the failure to reseat of the nonreturn valves. Failure of any one
of the two heavy water pump nonreturn valves to reseat is assumed to fail Top
Event NRV.
2. For the success of Top Event D2O, one of the two normally running main heavy water
pumps must continue operating after the trip. Alternatively, for the success of this top
event, one of the two heavy water shutdown pumps start and operate successfully after
the trip.
3. Following the failure of Top Event D2O, the operators may restart the main heavy water
pumps to provide circulation. The failure of the pumps and valves required to provide
the flow are modeled in Top Event RED.
4. For the failure of Top Event RED, D2O flow through all of the heat exchangers is
assumed to be failed. Also, for the failure of Top Event RED, D2O flow through all the
main heavy water pumps is assumed to be failed.
5. No credit is taken for the standby main D2O pump. It is conservatively assumed in the
model that the standby main D2O pump is unavailable due to maintenance.
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7.8.5 Qualitative and Quantitative Model
The fault trees developed for the top event models of the primary coolant system and the
RISKMAN results reports are presented in Appendix C.
7.8.6 References
7.8-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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Figure 7.8-1. Primary Cooling System Flow Diagram
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7.9 Secondary Coolant System
7.9.1 System Description and Normal Operation
The secondary coolant system circulates light water to transport heat from the heat exchangers in
the reactor primary cooling circuit and the heat exchangers in the shield cooling and rig cooling
circuits.
The system consists of main and shutdown circulators drawing water from a pond and delivering
it to the heat exchangers in the heavy water plant room inside the reactor building. From these, it
is piped from the building to six cooling towers. The cooled water returns to the pond. A
simplified diagram of the secondary coolant system is presented in Figure 7.9-1 (taken from
Reference 7.9-1).
The pond has a float controlled valve delivering makeup water from the mains. In the absence
of the makeup water, the pond can support 7 hours operation of 10 MW(th).
The parts of the system necessary for the safe removal of shutdown heat (that is, the main pipes
and the shutdown circulators) are classed as safety related. The rest (that is, the main circulators
and the parts of the cooling towers not directly in the circuit) are essential for normal operation
but are not important for reactor safety.
The system is instrumented to monitor:
•
•
•
•
•

Flow
Temperature Difference
Radioactivity
Pond Water Level
Number of Main Circulators Operating

When the reactor is operating at high power, the reactor temperature is controlled by varying the
secondary coolant temperature. This temperature is in turn controlled by the number of the
cooling tower fans in use and their speed. When the reactor is not at power, the reactor
temperature is controlled by controlling secondary coolant flow.
7.9.2 System Operation during Abnormal Conditions
Mains water can be connected directly to the heat exchanger inlet pipes to provide single pass
cooling of the shutdown reactor. This facility may be used during circuit maintenance or for
emergency cooling.
7.9.3 Top Events
•
•

Top Event H2O. Main and shutdown H2O pumps.
Top Event REH. Operators align backup cooling water to one heat exchanger.
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7.9.4 Modeling Notes and Assumptions
1. The failure to reseat the main light water pump nonreturn valves is also modeled for Top
Event H2O. Failure of any one of the nonreturn valves to reseat is assumed to be a failure
of this top event. The operator actions to isolate the affected pump are credited in the
model.
2. Top Event H2O is assumed to be successful if the secondary normal flow is provided,
after the reactor trip, through at least one heat exchanger.
3. In the Top Event H2O model, only one main light water pump is assumed to be running
after the reactor trip (others are assumed to be tripped by the operator).
4. No credit is taken for the standby main H2O pump. It is conservatively assumed in the
model that the standby main H2O pump is unavailable due to maintenance.
5. The operator actions modeled for Top Event H2O include the following:
a. Locally isolate main H2O pump with failed nonreturn/check valve.
b. Restart main H2O pump when shutdown H2O pumps fail to start and run.
c. Manual start of shutdown H2O pumps given their automatic start signals fail.
6. The mains supply line manual valve 4142 is normally closed, and the manual valve in the
mains supply to each heat exchanger is also closed. It is very unlikely for flow diversion
from the H2O system to the mains via the mains supply line.
Diversion of flow due to the transferring open of the inlet-outlet header crosstie MOV is
included in the model.
7. The return line to the tower cooling pond via the cooling towers is not modeled since the
contributions from the unavailability of the cooling tower paths is relatively insignificant.
8. The aligning of the mains supply to the heat exchanger, modeled in Top Event REH, is
per Procedure NHOI 9.2.13.2. Flow to heat exchanger 1E1/1 is considered in the model.
9. The realigning of the H2O supply to the heat exchanger IE 1/1 in the event of the loss of
the mains water supply is also per the Procedure NHOI 9.2.13.2. The failure to
open/close the MOV is not modeled. It is assumed that the operator will manually crank
open the MOV if the valve is not opened by its motor.
10. It is assumed that the operator will align cooling water to one of the other heat
exchangers if he is not able to do it to heat exchanger 1E1/1. This is not explicitly
modeled in the fault tree but is indirectly accounted for in the analysis by not modeling
the demand failure of the valve in aligning cooling water to the heat exchanger.
11. Since the main H2O pumps will be available only for a very short period during the
reactor shutdown cleaning of the cooling tower pond, they are not credited in this
analysis. Only the shutdown H2O pumps are credited to provide cooling to the heat
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exchanger during this time in the event the mains supply is not available provided the
level of water in the pond is sufficiently high to support the operation of the pumps.
12. When the mains supply is aligned to the heat exchanger, the H2O inlet-outlet header
crosstie valve 4025 is placed in the open position. Transferring open of the H2O heat
exchanger inlet valve (e.g., MOV 4007 to heat exchanger 1E1/1) will cause diversion of
flow from the heat exchanger. This is included in the model.
7.9.5 Qualitative and Quantitative Model
The fault trees developed for the top event models of the secondary coolant system and the
RISKMAN results reports are presented in Appendix C.
7.9.6 References
7.9-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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Figure 7.9-1. Secondary Cooling System Flow Diagram

7.10 Compressed Air Supply System
7.10.1 System Description and Normal Operation
HIFAR and most buildings on site receive compressed air from Building 4. Air is supplied at
approximately 700 kPa. There are five air compressors in Building 4: two main, water cooled,
compressors operating alternately on a monthly basis, two air cooled compressors that start
automatically on low air pressure, and a diesel-driven, air cooled compressor that starts
automatically on low air pressure or loss of electric power. A simplified diagram of the
compressed air distribution system is presented in Figure 7.10-1 (taken from Reference 7.10-1).
Several buildings also have their own compressors to supply compressed air, given loss of the
site air supply from Building 4. The following buildings have their own compressors) that
start(s) automatically on low air pressure:
•
•
•
•
•

HIFAR Area
B223 A, B, and C
B23D
B41/42
B64

In addition, Buildings 16, 7, and 36A have their own, independent compressed air systems.
HIFAR requires compressed air for valve actuators, instrumentation, and breathing air for masks
and hoods.
7.10.2 System Operation during Abnormal Conditions
A drop in mains air pressure triggers an alarm and causes a standby compressor to start.
A loss of air pressure in the general service air supply system causes an automatic start of two
standby compressors supplying the HIFAR area. These two standby compressors are located in
the auxiliary plant room (APR) and are air cooled.
7.10.3 Top Events
•

Top Event CPA. Compressed/service air supply to HIFAR.

7.10.4 Modeling Notes and Assumptions
1. Of the five air compressors in building 4 that supply general service air, only the one
running air compressor is modeled in top event CPA. The two standby air compressors
in the APR that also supply HIFAR are also modeled in top event CPA. This is a
conservative simplification of the air supply to HIFAR.
2. Premature opening of the pressure relief valves associated with the building 4 air
receivers and the air compressor is modeled. It is assumed to depressurize the system and
fail the general service air supply to the HIFAR area.
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3. Premature opening of the pressure relief valves associated with the air receivers and
compressors in the APR for the HIFAR area is assumed to fail the air supply to the
HIFAR area.
4. The electric power supply to the building 4 air compressor modeled in top event CPA is
included in Top Event SUB2.
7.10.5 Qualitative and Quantitative Model
The fault trees developed for the top event model of the compressed air system and the
RISKMAN results reports are presented in Appendix C.
7.10.6 References
7.10-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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Figure 7.10-1. HIFAR Air Supply Schematic

7.11 Blanket Gas (Helium) System
7.11.1 System Description and Normal Operation
The reactor primary coolant is blanketed with helium to exclude air that would enhance
corrosion and degrade the heavy water. The gas is circulated through recombiners to recombine
the gases produced by the dissociation of heavy water. Pressure is maintained at 1.5 kPa by a
gasholder. The system includes an expansion vessel. The helium purification unit in this system
removes air and carbon dioxide. The concentration of deuterium, oxygen, and nitrogen in the
blanket gas is measured every two hours using one of two gas chromatographs. A simplified
diagram of the blanket gas system is presented in Figure 7.11-1 (taken from Reference 7.11-1).
The blanket gas system forms part of the reactor primary containment and was designed to
withstand 221 kPa. It is essential for full-power operation and is a safety-related system. The
circuit is stainless steel.
The helium system is located in the reactor containment building. It consists of:
•

A gasholder.

•

An expansion vessel.

•

A helium circuit including:
—
—
—
—

A cooler.
Recombiners.
Circulators.
A purification unit.

7.11.2 System Operation During Abnormal Conditions
The reactor must be shut down if helium circulation fails or if both gas chromatographs fail and
cannot be restored within 6 hours.
7.11.3 Top Events
•

Top Event HE. Helium gas holder automatically isolates.

7.11.4 Modeling Notes and Assumptions
The pressure switches associated with the helium gas holder isolation valves are included in the
model for Top Event HE.
7.11.5 Qualitative and Quantitative Model
The fault trees developed for the top event model of the helium system and the RISKMAN
results reports are presented in Appendix C.
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7.11.6 References
7.11-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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Figure 7.11-1. Helium Circuit

7.12 Space Conditioning System
7.12.1 System Description and Normal Operation
The space conditioning system (SCS) prevent overpressure due to rising temperature. When the
building is isolated, residual reactor heat tends to raise the temperature of the building air, and
thus the pressure. There are three identical but independent SCS.
Each system incorporates a refrigerator and a chilled water system, the former chilling the water,
the latter circulating it through space conditioner units in the building. The SCS plant and
control cubicles are in the auxiliary plant room outside the reactor building. A simplified
diagram of the space conditioning system is presented in Figure 7.12-1 (taken from
Reference 7.12-1).
7.12.2 System Operation during Abnormal Conditions
The chilled water controls are in the emergency control room. They automatically regulate the
chilled water flow to keep the building air temperature at about 22°C, without overloading the
refrigerators. Manual controls are available.
Monitored from the emergency control room are:
•
•
•
•

Building Pressure
Chilled Water Flows
Chilled Water Temperatures
Heat Removal Rates

7.12.3 Top Events
•

Top Event SC. Space conditioners operate.

7.12.4 Modeling Notes and Assumptions
The refrigeration system, which includes the compressor, the evaporative condenser, the shell
side of the cooler, the flow control valve, and all the instrumentation and controls for the
operation of system, is modeled by a single basic event. The component type for this basic event
is a chiller unit.
The SCS subsystem 3 is on standby. Start failures for the fans, chilled water pump, etc., are
included in the model.
Restart failures of the fans, chilled water pump, etc., for the normally operating SCS
subsystems 1 and 2 are included in the fault tree model for boundary conditions in which the
associated line supplies (LSA and LSB) are lost.
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7.12.5 Qualitative and Quantitative Model
The fault trees developed for the top event model of the space conditioning system and the
RISKMAN results reports are presented in Appendix C.
7.12.6 References
7.12-1. ANSTO HIFAR Descriptive Manual, NTP/TN-189.
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Figure 7.12-1. Simplified Space Conditioner Flow System

7.13 No. 1 Storage Block Cooling Water System
7.13.1 System Description and Normal Operation
The No. 1 Storage Block consists of storage facilities supported by a steel frame and surrounded
by concrete shield walls 910 mm thick. The irradiated fuel elements (up to 45 assemblies) are
contained in a shielded double wall aluminium tank closed by a plug at the top. The tank
contains demineralized water from a head tank, maintained at a storage tank depth of 1.97m by a
float valve. The cooling system for the No. 1 Storage Block (designated 17) consists of
primarily two circulating pumps and two heat exchangers outside the RCB as shown in
Figure 7.13-1. The circulating pumps and heat exchangers are redundant. Water is extracted
from the top of the tank and returned through the heat exchangers to the bottom of the tank.
Some flow can be diverted through an ion exchange column for chemical control. The inlet and
outlet pipes of the cooling system has water seals where they pass through the RCB shell. Heat
from the heat exchangers is removed via flow from the site water supply.
The cooling water system is designed to extract heat at a rate of 35 kW from water at 65°C with a
flow rate of 1.0 L sec'1 giving a temperature drop of 8.4°C across one heat exchanger. The
design flow through the ion exchanger is 0.1 L sec"1.
Instrumentation associated with the No. 1 Storage Block cooling water system consists of the
following:
•

Three water level safety monitors giving alarms when the water level falls below the set
point of-200 mm. One of the monitoring channels is a constant pressure system that
initiates high and low level warnings and provides continuous indication of level.

•

Two thermocouples monitoring the water temperature.

•

A tank leakage monitor that gives a warning if water is detected between the two walls of
the tank.

•

A cooling water flow monitor.

•

A radioactivity monitor at the water outlet piping.

•

Water inlet and outlet temperature indicators.

•

Flow meter for emergency cooling water.

The system also gives warning of low head tank level and low pressure of compressed air supply
to the level indicator.
7.13.2 System Operation during Abnormal Conditions
The No. 1 Storage Block is independent of the normal operation of the reactor. Any abnormal
condition associated with the operation of the reactor has no direct impact on the storage block
facility and its cooling water system.
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The design of the of the cooling water system also provides for emergency make up and cooling
by direct addition of mains water to the tank in the event that the primary cooling water system is
unavailable.
7.13.3 Top Events
•

Top Event SBOP. One of two No. 1 Storage Block cooling trains starts and operates.

•

Top Event HSBPS. Operator fails to start SB cooling train.
•

Top Event HSBM. Operator fails to provide makeup to No. 1 Storage Block.

7.13.4 Modeling Notes and Assumptions
1. The model for the No. 1 Storage Block cooling water system consists of two circulating
water pumps, two heat exchangers, and associated valves.
2. The pumps and heat exchangers are redundant, and success of the cooling water system
requires one pump and one heat exchanger to remove heat from the SB tank.
3. The train A cooling water train is assumed to be the normally operating train. Starting of
the standby cooling train or restarting of the normally operating cooling train requires
operator actions and it is modeled under Top Event HSBPS.
4. Failure of the primary cooling water system requires the operator to provide emergency
makeup to the No. 1 Storage Block from the site mains supply. The operator action is
modeled under Top Event HSBM. No hardware associated with the mains water supply
to the No. 1 Storage Block are included in the top event model since the hardware
contributions to the unavailability of the makeup from the site mains supply is
insignificant compared to the operator action error rate.
7.13.5 Qualitative and Quantitative Model
The fault trees developed for the top event model of the No. 1 Storage Block cooling water
system and associated operator actions, and the RISKMAN results reports are presented in
Appendix C.
7.13.6 References
7.13-1. ANSTO HIFAR Description Manual, NTP/TN-189.
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Figure 7.13-1. No. 1 Storage Block Primary Coolant Circuit

8. DATA ANALYSIS

8. Data Analysis
This section presents the data developed in support of the HIFAR PSA. The following four
general areas define the scope of the data analysis:
•
•
•
•

Component Failure Rates
Common Cause Failure Parameters
Component Maintenance Frequency and Mean Duration
Initiating Event Frequencies

Other types of data that are used in the PSA such as fire and flood frequencies, seismic
fragilities, operator error rates, and other external events are developed elsewhere in this report.
The plant-specific data are developed by combining in a Bayesian update the cumulative
experience from a large population of nuclear plants (documented in the PLG Generic Database
PLG-0500) with the plant-specific experience. The PLG Generic Database has evolved from all
of the PSAs that PLG has performed and information from reliability data sources.
The data analysis is a focused and limited-scope analysis. PLG has developed plant-specific data
for selected major equipment items (e.g., key safety-related pumps) and certain unique
components. The last 5 years of data was examined for plant-specific parameters.
The following sections describe the methodology for the development of a generic database and
the process involved in creating a HIFAR-specific database.

8.1 Generic Database
The PLG Generic Database for Light Water Reactors was used as prior information to create
plant-specific data or used in the place of plant-specific data. The database (Reference 8-1) is
built on actuarial data from over 20 sites in the U.S. and Europe. The accumulation of data was a
result of plant-specific data analyses for each successive PSA performed by PLG. In the more
than 20 plant-specific databases that have been created, the variability in the reliability
parameters for the common equipment has been within the ranges that the generic data define.
The reliability of general equipment such as pumps, valves, fans, diesel generators,
motor-alternator sets, etc. (equipment typically found at any power plant or process facility),
depends almost entirely on operating practices. In other words, the maintenance practices and
testing practices contribute most to the reliability of such equipment. In addition, all generic data
distributions in the PLG Generic Database always account for the plant-to-plant variability. This
uncertainty allows the variability in design and manufacturing to be included within its range, if
the specific equipment being considered is not significantly different from the equipment
population in the database. The equipment at the HIFAR site is similar and comparable to the
equipment used at other sites that have been evaluated (power plants, test reactors, and
nonreactor sites) by PLG and on which the generic data distributions are based.
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8.2 Failure Rate of Components
HIFAR-specific failure rate data were developed for a selected number of components for which
reasonably complete records were available. MAINPAC data sent to PLG (Reference 8-2)
covering the interval from mid-1990 to mid-1996 were used for the following components:
•
•
•
•
•
•
•
•

EPSS Diesel Generators
Rig Diesel Generators
Main D2O Pumps
Shutdown D2O Pumps
Main H2O Pumps
Scavenge Pumps
Liquid Level Control Pumps
No. 1 Storage Block Cooling Pumps

The failure data gathered for these components are presented in Table 8-1.
The number of successful operating hours and actuations of the components were calculated
using information on the test requirements. Table 8-2 shows the assumptions that were made for
each of the components considered. Table 8-3 presents the total number of operating hours or
demands in the 6.0 years under consideration
In addition, data were derived from the Abnormal Occurrence Reports (AOR) (Reference 8-3)
for the motor-alternator sets and breaker K21 for the period of 1982 to mid-1996, approximately
15.5 years. Table 4.5-3 lists the AORs that describe motor-alternator failures (loss of
instrumentation or panel 5/motor-alternator problems). Of the 14 events identified from the
AORs (for 15.5 years of one motor-alternator operation), two events also included failure of
breaker K21 to close on demand.
The failure data and the corresponding "success" data were used as input for Bayesian updating
of generic data to obtain HIFAR-specific failure rates for these components. The Bayesian
updating methodology is described in Section 3.5. The generic data used is described in
Reference 8-1.
Anecdotal information was also used for the rupture of mains water piping. Two rupture events
have occurred in a 91-month period. This value was used as a median of the distribution,
ATPP3B, with a range factor of 3 subjectively assigned to describe the uncertainty on the value.
Table 8-4 presents the main characteristics of the plant-specific failure rate distributions as well
as the information on the mean of the prior distribution used and the HIFAR experience used for
the updating.

8.3 Common Cause Failure Rates
Failures of like components from the same cause within a very brief period of time are defined as
common cause failures. The failure rate of two redundant components from common cause is
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generally much higher than the failure rate of the two components from independent causes.
This phenomenon is described in some detail in Section 3.5 along with the Multiple Greek Letter
(MGL) methodology that is being used for HIFAR to model the impact of common causes not
explicitly considered. Details of the common cause factor methodology can be obtained from
Reference 8-4.
The generic common cause factor data are based on expert knowledge. These data were
generated by a team of PLG analysts using a Delphi method. The team consisted of between 6
and 9 people, all of who have extensive experience with nuclear PSAs, systems analysis, data
analysis, and common cause analysis. At least three members of the team had actual hands-on
operating experience with commercial or naval nuclear reactor plants. At about the general time
these data were created, the collective PSA experience of the team was more than 40 years. The
analysts who have been involved in the collection and categorizing or review of the common
cause events for the EPRI studies (published in EPRINP-5613,1988, and EPRI-TR-100382,
1992) were part of the team that developed the generic common cause parameters.
In the review of failure data, common cause failure events were identified for the Rig diesel
generators and the main H2O pumps, both for the failure to start failure modes. These are
identified in Table 8-1. Plant-specific common cause factors were derived for these two
components using this information. For the Rig diesel generators, the experience is 2 failures
from common cause with a total of 16 failures, and, for the main H2O pumps, the experience is
2 failures from common cause with a total of 9 failures. The main characteristics of the common
cause factor distributions are presented in Table 8-5.

8.4 HIFAR Coarse Control Arms
8.4.1 Failure Frequency of Coarse Control Arm (CCA)
For data analysis, a period of 15.5 years was considered, from 1980 to mid-1996, a period for
which a reasonably complete set of AORs were available. There are no reports of CCA failures
during this period. This period also corresponds to about 350 reactor trip events and 13 CCA
test drops per year during low power, a total of about 3,300 CCA demands to insert.
The information in Reference 8-5 was examined. Chapter 7 of the reference provides a
methodology for estimating the frequency of failure of a CCA, based on 0 failure events in
180 years of DIDO class reactors (HIFAR, DIDO, PLUTO, RISO, Jiilich, and Dounreay, each
for 30 years). The median estimate is given by:
dian =

Xill

where X is defined as the failure rate of a CCA per hour and x is the time between demands.
X is estimated by assuming a %2 distribution with two degrees of freedom. An upper bound
failure rate of one failure in 180*6 control arm years is assumed giving:
X < 6.42 E-04 failures per year or < 7.33 E-08 failures per hour
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This estimate is still a conservative estimate for the failure frequency because, at the time of the
study, HIFAR had more than 35 years of experience and other DIDO class reactors have more.
Using the HIFAR information gathered from the AORs for the 15.5 years, the time between
demands is about 15 days. This provides a median estimate of 1.32E-05 per demand for each
CCA. A range factor of 10 was assumed to describe a distribution for CCAs failing to insert on
demand.
8.4.2 Common Cause Factor Data
The information in Reference 8-5 was examined before data for CCAs was specified. Chapter 7
of the reference provides, in addition to the methodology for estimating the frequency of failure
of a CCA, an estimate for the common cause factor for the CCAs. With the experience that PLG
has in common cause data, we agree with the report that a |3 factor of 0.1 is a conservative
estimate. Most of the equipment that we have examined have p factors in the range of 0.03 to
0.1, 0.1 being an upper bound. This value, however, was used as a mean value in the distribution
and used in the systems analysis for quantification. HIFAR has only six CCAs, and the success
criteria requires success of at least five CCAs. The model is certainly conservative by assuming
a common cause factor of 0.10.

8.5 Maintenance of Components
Maintenance of components is modeled in the systems analysis as contributing to the
unavailability of the components. Although forced maintenance may take place anytime,
technical specifications define the limiting conditions for operation in different modes.
Therefore, the scheduled maintenance can only occur in some limited modes. Also, since access
inside the reactor building is not permitted once full-power operation has started, no
maintenance, forced or scheduled, may be performed on the main D2O pumps, the shutdown D2O
pumps, the liquid level control pumps, and the scavenge pumps. All components outside the
reactor building are subject to maintenance any time; however, the amount of time allowed for
maintenance may vary depending on the mode of operation. Table 8-6 presents the maintenance
configurations for a few selected components by the plant operating states (POS).
PLG generic data (Reference 8-1) was used for determining the unavailability of the components
based on the governing limiting conditions. The only plant-specific unavailability distribution is
derived for the mains valve (AMVMWU). A plant-specific frequency was developed using
HIFAR experience of two valve replacements in a 91-month time interval. Both replacements
were performed within 24 hours. PLG generic data was used for the mean duration. The product
of the plant-specific frequency (AMVMWF) and the maintenance mean duration gives the
unavailability of the mains valve due to valve replacement.
Table 8-7 presents the main characteristics of the distributions of all of the unavailabilities
developed for HIFAR.
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8.6 Initiating Events
The initiating events considered for the HIFAR PSA and their categories are discussed in
Section 4.5. They were categorized according to the characteristic of the transient response:
1.
2.
3.
4.

General Transients (Section 5.1)
Loss of Primary Coolant Accidents (Section 5.2 and Appendix F)
Transient Initiated by Loss of Support Systems (Sections 5.1 and 5.4 and Appendix C)
Other Handling and Nonreactor Events (Section 5.5 and this section)

In this section, the following groups are considered:
1. Events that may be quantified using operating experience data from HIFAR and other
similar reactors.
2. Events that are extremely rare (have not occurred at HIFAR) and whose frequency is very
dependent on system design such that data from other reactors cannot be used.
The second of the two groups usually comprise the support system failure initiated transients.
These are quantified in the systems analysis section, Section 7, and Appendix C.
In this section, the Group 1 initiating events are quantified using plant experience and Bayesian
updating techniques (see Section 3.5). The source of plant data for initiating events is the
Abnormal Occurrence Reports. These reports were screened for events that initiated reactor trips
or transients. The applicable AORs have been presented in Tables 4.5-3 and 4.5-4. All 35 years
of HIFAR operating experience was reviewed to the extent the information was available.
However, only 15.5 years of experience was used for generating the plant-specific initiating
event frequencies. This was because reasonably good quality data was available only since
1980. Complete data was not available before this time. Therefore, the plant-specific data
collection was limited to this period.
The number of events reported in Tables 4.5-3 and 4.5-4 (for 15.5 years) were used as input for
Bayesian updating of prior distributions to obtain plant-specific initiating events. The main
characteristics of the HIFAR-specific distributions are shown in Table 8-8.
All initiating frequencies are defined in the units of "events per year," whether they can occur
any time during the year or only during specific plant states. For example, the initiating event
"CCA Connecting Rod Fails" can occur only during the states the reactor is at power (POS-3 and
POS-5), but the frequency of this event occurring during POS-3 or POS-5 is defined in "per
year" units. Appropriate exposure times were used for the Bayesian updates.
For events that can occur at any time during the year or can occur with the same frequency in
more than one reactor state, the updating is performed for all events that have occurred at

\DIST\REPORT\SECT 8.DOC.01/15/98

8-5

HIFAR, then the resulting frequency is apportioned among the applicable POS states. The
following data was used as the mean durations for the different POS states:
POS State
POS-1
POS-2
POS-3
POS-4
POS-5

Mean Duration Hours
per Year
318
646
78
114
7,604

The following table provides a guide to the methods used for defining the initiating events:
Initiating Event
Designator
HFEJ
HSBPT

Per Year
Per Year

Bayesian Update
Bayesian Update

SLOSP
TCCA

Per Year
Per Hour

Bayesian Update
Bayesian Update

TCCA3

Per Year

TCCA5

Per Year

TD1PT5
XD2PT5

Per Year
Per Year

TCCA * Time in
POS-3 per Year
TCCA * Time in
POS-5 per Year
Bayesian Update
Bayesian Update

TD2PT5

Per year

XD2PT5 +Manual
Trips per Year

TDHPT5
DSDPT

Per Year
Per Hour

Bayesian Update
Bayesian Update

TDSPT1

Per Year

TDSPT2

Per Year

TDSPT4

Per Year

TH1PT

Per Hour

DSDPT * Time in
POS-1 per Year
DSDPT * Time in
POS-2 per Year
DSDPT * Time in
POS-4 per Year
Bayesian Update

Units
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Remarks
Experience of 15.5 years.
Experience of 15.5 years, at least one
cooling pump in operation all of the
time.
Experience of 15.5 years.
Experience of 15.5 years, event
possible in POS-3 and POS-5;
(78 + 7,604)* 15.5 = 1.19E+05 hours.
TCCA * 78.
TCCA * 7,604.
Experience of 15.5 years.
Experience of 15.5 years, considering
only inadvertent trips.
XD2PT5 + 4; four times per year,
reactor tripped by tripping the D2O
pumps.
Experience of 15.5 years.
Experience of 15.5 years, event
possible in POS-1, POS-2, and POS-4;
(318 + 646 + 114)* 15.5 = 1.67E+04
hours.
DSDPT* 318.
DSDPT * 646.
DSDPT* 114.
Experience of 15.5 years, event
possible in POS-1 and POS-5;
(318 + 7,604)* 15.5 = 1.23E+05 hours.

Initiating Event
Designator
TH1PT1

Per Year

TH1PT5

Per Year

TIRT3

Per Year

TH1PT * Time in
POS-1 per Year
THlPT*Timein
POS-5 per Year
Bayesian Update

TIRT5

Per Year

Bayesian Update

TMRI3
TMRI5
TRTSC1

Per Year
Per Year
Per Year

Bayesian Update
Bayesian Update
Bayesian Update

Units

Remarks

Evaluation Method
TH1PT*318.

TH1PT * 7,604.
Experience of 15.5 years, event
possible in POS-3 only.
Experience of 15.5 years (inadvertent
trips during POS-5 + 9 manual trips
per year), event possible in POS-5
only.
Experience of 15.5 years.
Experience of 15.5 years.
Experience of 15.5 years.

8.6.1 Definition of Priors for Initiating Events
Priors for each of the initiating events were defined by experts who have deep knowledge of the
operation of test reactors, and of equipment. These priors were then updated with
HIFAR-specific data as defined in the previous table. An example of deriving a prior is
described here.
PRTSC1 defines the prior for the number of time per year the reactor was forced to be shutdown
because two or more space conditioning trains were inoperable. Each train is considered to have
a chiller and a fan. Two trains are normally in operation and one is in standby. The expert then
estimates the scenarios that would make two trains unavailable. The scenarios contain
information on system operating practices, maintenance practices, and other factors that are
unique to the site. The following were considered:
•

Both operating trains (chiller + fan) fail to operate within a short time (time to repair).

•

Either one of two operating trains fails and the standby train fails to start, fails to operate
within the repair time.

•

One of two operating trains fails and the standby train is in maintenance.

Generic data was then incorporated into these scenarios for independent failure rates, common
cause failure rates, maintenance frequencies, and mean repair times. The result was then
examined for reasonableness and assumed to represent a median value. An appropriate range
factor applied. This prior resulted in a distribution with a median value of 1 event per year with
a range factor of 5.
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8.7 Flow Blockage Events at HIFAR
Flow blockage scenarios have been considered in other test reactors. In general, the following
must occur:
•

Unauthorized material of some sort must enter the system or otherwise "evolve" inside
the system.

•

This material must escape filtering or detection and removal.

•

The material must lodge itself in such a place that it blocks flow significantly.

•

The blockage must be undetected and remain in place long enough to produce core
damage.

The first step is then to subdivide the set of all possible blockage events into categories
according to the type of debris and where or how it enters the system. Considering, first, the
location of the debris, we may distinguish two major categories:
1. Internal Debris. Material that was part of the system but has broken loose and is not
where it should be; e.g., loose screws, seals, gaskets, pieces of metal, etc.
2. External Debris. Material that has entered the system unintentionally; e.g., cigarette
packages, pieces of clear plastic, fallen tools, pencils, rags, etc.
The blockages caused by external debris at the other test reactors is mainly due to addition of
primary coolant during refueling activities. This type of plugging is considered very unlikely to
occur at HIFAR due to the fact that refueling takes place without addition or removal of the D2O
in the RAT. This type of blockage, therefore, is not considered any further.
Debris have been found inside the HIFAR reactor. Table 4.5-4 identifies at least six events in
which debris were discovered and one event when the drain line was blocked. In all of these
events, there was no obstruction of the flow channels, and sufficient heat transfer from the fuel to
the heavy water was always available.
A detailed analysis of blockages caused by internally generated debris at the High Flux Isotope
Reactor (HFIR) (Reference 8-6) concluded that these events could occur at HFIR with an annual
frequency of 7.0E-05. It is estimated that the annual frequency of such events that can cause
blockage that is severe enough to result in fuel damage at HIFAR is much lower.
The flow channels in the HFIR core are 0.127 mm wide; whereas, in the HIFAR core, the
channels are 3.2 mm wide. The debris would have to be of larger size or there must be a
concentration of debris to block a channel through bridging and packing. Also, the power
density at HFIR is higher (100 MW reactor with a density of 240 w/cm2) than at HIFAR (10 MW
reactor with a density of 39 w/cm2). Several adjacent channels must be blocked before heat
transfer is degraded to a point where fuel damage can occur. It is assumed that the frequency of
such blockages is at least a factor of 100 lower at HIFAR. A median value of 1 .OE-06 is
assumed with a range factor of 10 for blockages of fuel channels at HIFAR that are sufficiently
\DISmEPORT\SECT 8.DOC.01/15/98

8-8

severe enough to result in fuel damage. The main characteristics of this distribution are
presented in Table 8-8.
Comments received on the draft PSA report requested additional discussion regarding flow
blockage. Those comments are provided here. The relatively extreme sensitivity of HFIR to
flow blockage was a motivating factor in investing the level of effort in this portion of the
analysis. Three categories of sources of material were defined in that study. The categories were
defined according to the source of blocking material: two categories addressed sources inside
the reactor vessel or primary system piping and a third category ("external") addressed sources
outside the reactor system.
It should be noted that the HFIR vessel is located in a pool of water. During refueling, the vessel
cover is removed, and the pool water can mingle freely with the primary circuit water.
"External" blockage material would be introduced during this period of time when the vessel
cover is removed.
It was determined at HFIR, after administrative controls were put into practice concerning access
to the pool area, that the frequency of core damage due to "external" debris was approximately
2 x 10'5 events per year, compared to the 7 x 10"5 fuel damage events per year due to debris
originating within the plant systems.
As indicated above, the fuel elements at HIFAR are much less sensitive to coolant channel
blockages than HFIR. Not only does the offending material have to be significantly larger (the
ratio of the size of the coolant channels is approximately 25), but the lower heat flux at HIFAR
allows the heat generated from an element to be successfully conducted from one side of the
element. This implies that blocking a single channel is not sufficient to cause damage.
(Section D.5 contains a discussion of the relative characteristics of the fuel from the two
reactors.)
The debris that has been found in the RAT is understood to be of insufficient size to cause
critical flow blockage; these events could be considered precursors, but not actual events. The
estimate of 0.2 events per year calculated by the reviewer would have to be combined with the
likelihood that the blocking material is of a size large enough to result in damage and the
likelihood that such debris is transported to the fuel element. We understand that effort was
required to remove some of the debris from the RAT wall; i.e., it was not loose. One would have
to consider what transport mechanisms are available to move material from the "dead" spaces of
the RAT. Also, if a precursor-initiator model were to be developed, the timing of the precursor
events would need to be explored; it seems that all but one of the events reported in the AORs
occurred relatively early in the life of HIFAR.
The significant differences in the design and operation of HIFAR was judged to result in at least
a two order of magnitude difference in the frequency of fuel damage due to flow blockage
events. The distribution presented with a median value of 1 x 10'6 events per year, a range factor
of 10 (representing a relatively large uncertainty), and a mean of 2.67 x 10"6 conservatively
represents only a factor of 33 reduction in the total flow blockage frequency evaluated at HFIR.
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8.8 Generic Data
Since plant-specific data was developed for only a limited number of HIFAR components,
generic data from Reference 8-1 was used for the other components. The data used is presented
in Table 8-9.

8.9 References
8-1. PLG, Inc., "Database of Probabilistic Risk Assessment for Light "Water Nuclear Reactors,"
PLG-0500, Proprietary, 1991.
8-2. E-mail from J. Bertram, ANSTO, to D. H. Johnson, PLG, 6 August 1996.
8-3. Summary of Abnormal Occurrence Reports, April 1981 through March 1996, received
from ANSTO.
8-4. Pickard, Lowe and Garrick, Inc., "Procedures for Treating Common Cause Failures in
Safety and Reliability Studies; Procedural Framework and Examples," prepared for U.S.
Nuclear Regulatory Commission and Electric Power Research Institute, NUREG/CR-4780,
EPRINP-5613,Vol. 1.
8-5. "Likelihood of Loss of Coolant Flow and Failure to Shut Down HIFAR," SRC/RR-1
Rev. 3, 1995.
8-6. PLG, Inc., "The High Flux Isotope Reactor Probabilistic Risk Assessment; Analysis of the
Risk from Internal and External Events," prepared for Martin Marietta Energy Systems,
Inc., Oak Ridge National Laboratory, PLG-0829, August 1991.
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Table 8-1 (Page 1 of 2). fflFAR Component Failure Data (Reference 8-1)
Component
Rig Diesel
Generator

EPSS Diesel
Generator

Event No.
3111
13083
3577
13260
3714
13309
13814
5318
6284
14140
6609
14225
6771
14287
14287
6771
7493
14478
8168
14679
9702
15127
9705
15129
10062
15180
10063
15181
10451
15270
15444
11189
1598
1984
2282
2449
6834
7754
8952

12511
12653
12764
12873
14305
14572
14916

3120
3325

13092
13179

Main D2O Pumps

12901
13894
12701

Shutdown D2O
Pumps
Scavenge Pumps

12567

Main H2O Pumps

8467

14769

3585
5675
6024
6975
7333
9362

13268
13975
14087
14337
14441
15040
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Date
23-Mar-92
24-Jun-92
22-Jul-92
26-May-93
lO-Nov-93
10-Jan-94
4-Feb-94
4-Feb-94
l-Jun-94
4-Oct-94
28-Jun-95
29-Jun-95
24-Aug-95
24-Aug-95
27-Nov-95
28-Mar-96
Total
29-Apr-91
l-Aug-91
18-Sep-91
8-Nov-91
10-Feb-94
21-Jul-94
7-Mar-95
Total
23-Mar-92
7-May-92
Total
18-Nov-91
7-Jul-93
19-Aug-91
Total
29-May-91
Total
24-Nov-94
Total
29-Jun-92
26-Jul-93
22-Sep-93
28-Feb-94
3-May-94
15-May-95
Total

8-11

Failure Mode
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
16
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
Fails to Start
7
Fails to Run 1st Hour
Fails to Run 1st Hour
2
Fail to Operate
Fail to Operate
Fail to Operate
3
Fail to operate
1
Fail to start
1
Fail to Operate
Fail to Operate
Fail to Operate
Fail to Operate
Fail to Operate
Fail to Operate
6

Remarks

Common Cause Failure 1
Common Cause Failure 1

Table 8-1 (Page 2 of 2). HIFAR Component Failure Data (Reference 8-1)
Component
Main H2O Pumps

Event No.
12116
12118
12195
12217
12622
13483
14228
14664
8950
14913

No. 1 Storage
Block Cooling
Pumps
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13089

Date
23-Aug-90
24-Aug-90
ll-Oct-90
19-Oct-90
17-Jul-91
12-Nov-92
10-Jan-94
22-Sep-94
6-Mar-95
Total
23-Mar-92
Total

8-12

Failure Mode
Fail to Start
Fail to Start
Fail to Start
Fail to Start
Fail to Start
Fail to Start
Fail to Start
Fail to Start
Fail to Start

9
Fail to Operate

1

Remarks
Common Cause Failure 2
Common Cause Failure 2

Table 8-2. Test Requirements for HIFAR Components
Component
Main D2O Pumps

Component
Designator
ATPMA

Shutdown D2O Pumps

ATPMB

Main H2O Pumps

ATPMF

Shutdown H2O Pumps

ATPMG

Scavenge Pumps

ATPMD

Liquid Level Control Pumps

ATPMC

No. 1 Storage Block Cooling
Pumps
EPSS Diesel Generators

ATPMI
ATDGB

Rig Diesel Generators

ATDGA
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Assumptions and Description
of Operation
Two of three pumps are in operation during
power operation (POS-5).
Both pumps started for shutdown. They
keep operating from POS-1 through POS-4.
Three of four pumps are started and
operating during power operation (POS-5)
and one of four pumps are operating in
POS-1. It is assumed that two are simply
turned off, leaving one on for POS-1.
Both are started for the first 1 hour after
shutdown in each program.
Both tested before startup of a program, and
operated for at least 15 minutes to obtain
appropriate readings.
Pumps are operating in POS-2 and POS-5.
Two starts are assumed for each program.
It is assumed that the pumps are alternated
for service after the monthly test.
Started once a week and operated for 1 hour
at a minimum. Once a month, started on
loss of load. It is assumed that one of the
weekly tests is replaced by this test.
Started once a week and operated for 1 hour
at a minimum.
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Table 8-3. Operating Experience of HIFAR Components from Mid-1990 to Mid 1996
Designator
ATPMAS
ATPMAR
ATPMBS
ATPMBR
ATPMFS
ATPMFR
ATPMGS
ATPMGR
ATPMDS
ATPMDR
ATPMCS
ATPMCR
ATPMIS
ATPMIR
ATDGBS
ATDGB1
ATDGAS
ATDGA1

ATMGSR
ATCB2C

ATPP3B

No. of
Experience
Failures
From MAINPAC (Reference 8-1)
Main D2O pumps fail to start.
0
156
91,260
Main D2O pumps fail to operate.
3
Shutdown D2O pumps fail to
0
156
start.
1
13,860
Shutdown D2O pumps fail to
operate.
Main H2O pumps fail to start.
234
9
Main H2O pumps fail to operate.
6
138,798
Shutdown H2O pumps fail to
0
156
start.
Shutdown H2O pumps fail to
0
156
operate.
1
Scavenge pumps fail to start.
156
Scavenge pumps fail to operate.
0
39
Liquid level control pumps fail to
0
156
start.
Liquid level control pumps fail to
0
49,506
operate.
No. 1 Storage Block cooling
0
72
pumps fail to start.
No. 1 Storage Block cooling
52,560
1
pumps fail to operate.
624
EPS S diesel generators fail to
7
start.
EPSS diesel generators fail to
2
624
operate first hour.
Rig diesel generators fail to start.
16
624
Rig diesel generators fail to
624
0
operate first hour.
From AORs (Reference 8-2)
Motor-alternator fails to run.
14
135,780
Breaker K21 fails to close on
14
2
demand.
Other
Mains water piping rupture.
65,520
Component Description

\DIST\REPORT\SECT 8.DOC.01/15/98

8-14

Demands/hrs
d
h
d
h
d
h
d
h
- d
h
d
h
d
h
d
h
d
h

h
d

h

Table 8-4. Main Characteristics of the HIFAR-Specific Component Failure Rates

3

3>
00

00

Name

Description

Breaker K21 Fails to Close on demand
ATCB2C
Rig Diesel Generator Fails to Operate First Hour
ATDGA1
ATDGAS
Rig Diesel Generator Fails to Start
ATDGB1
EPSS Diesel Generator Fails to Operate First Hour
EPSS Diesel Generator Fails to Start
ATDGBS
ATMGSR
Motor-Generator Sets Fail to Run - per Hour
ATPMAR
Main D 2 0 Pumps Fail to Operate
ATPMAS
Main D 2 0 Pumps Fail to Start
ATPMBR
Shutdown D 2 0 Pumps Fail to Operate
Shutdown D 2 0 Pumps Fail to Start
ATPMBS
ATPMCR
Liquid Level Control Pumps Fail to Operate
ATPMCS
Liquid Level Control Pumps Fail to Start
ATPMDR
Scavenge Pumps Fail to Operate
ATPMDS
Scavenge Pumps Fail to Start
ATPMFR
Main H2O Pumps Fail to Operate
ATPMFS
Main H2O Pumps Fail to Start
ATPMGR
Shutdown H 2 0 Pumps Fail to Operate
ATPMGS
Shutdown H 2 0 Pumps Fail to Start
ATPMIR
No. 1 Storage Block Cooling Pumps Fail to Operate
No. 1 Storage Block Cooling Pump Fails to Start
ATPMIS
ATPP3B
Mains Water Pipe Rupture - per Hour
*No update performed.

Events
2
0
16
2
7
14
3
0
1
0
0
0
0
1
6
9
0
0
1
0

Time/
Demands
1.40E+01
6.24E+02
6.24E+02
6.24E+02
6.24E+02
1.36E+05
9.13E+04
1.56E+02
1.39E+04
1.56E+02
4.95E+04
1.56E+02
3.90E+01
1.56E+02
1.39E+05
2.34E+02
1.56E+02
1.56E+02
5.26E+04
7.20E+01

Prior
Mean
2.27E-04
1.70E-02
2.14E-02
1.70E-02
2.14E-02
3.59E-05
3.36E-05
2.35E-03
3.42E-05
3.29E-03
3.36E-05
2.35E-03
3.42E-05
3.29E-03
3.36E-05
3.23E-03
3.42E-05
3.29E-03
3.36E-05
2.35E-03
*

Mean

5th Voile

Median

95th %ile

8.89E-03
2.31E-03
2.48E-02
4.45E-03
1.18E-02
1.01E-04
2.90E-05
1.76E-03
3.92E-05
1.94E-03
1.24E-05
1.76E-03
3.41E-05
4.13E-03
3.78E-05
2.75E-02
3.38E-05
1.94E-03
2.09E-05
2.03E-03
3.75E-05

3.47E-04
8.36E-04
1.53E-02
1.15E-03
6.02E-03
5.59E-05
1.11E-05
2.46E-04
8.20E-06
1.95E-04
1.86E-06
2.46E-04
3.48E-06
6.27E-04
1.72E-05
1.33E-02
3.47E-06
1.95E-04
4.09E-06
2.75E-04
1.01E-05

3.74E-03
1.49E-03
2.56E-02
4.14E-03
1.18E-02
9.70E-05
2.60E-05
1.29E-03
2.76E-05
1.34E-03
9.53E-06
1.29E-03
2.09E-05
3.01E-03
3.44E-05
2.59E-02
2.09E-05
1.34E-03
1.76E-05
1.44E-03
3.00E-05

4.61E-02
4.95E-03
3.56E-02
9.11E-03
1.87E-02
1.84E-04
5.90E-05
4.89E-03
1.20E-04
5.58E-03
3.26E-05
4.89E-03
1.27E-04
1.28E-02
6.86E-05
5.16E-02
1.25E-04
5.58E-03
4.94E-05
5.98E-03
8.92E-05

Table 8-5. Main Characteristics of the HIFAR-Specific Common Cause Factor Distributions

3

Name

.9

ABDGAS
ABPMFS

oo
i

Description
Beta Factor - Rig Diesel Generators Fail to Start
Beta Factor - Main H2O Pumps Fail to Start

Common Cause
Failure Events

Total Number of
Failure Events

2
2

16
9

Prior
Mean
2.63E-02
1.61E-02

Mean

Sth Voile

Median

95th Voile

9.40E-02
9.20E-02

2.00E-02
2.01E-02

8.26E-02
8.10E-02

2.07E-01
2.01E-01

e

I

Table 8-6. Maintenance of HIFAR Components
POS-5
Startup/Full-Power
Operation
No entry is allowed into
the DRB and no
maintenance is possible.
Two trains must be
available.

POS-1
First 24 Hours

POS-2
Maintenance

POS-3
Low Power Operation

POS-4
Fuel Replacement

D 2 0 Shutdown
Pumps

No entry is allowed into
the DRB and no
maintenance is possible.
Two trains were available
in POS-5.

Scheduled maintenance
period. At least one train
is required to be
operable.

Scheduled and forced
maintenance possible. At
least one train must be
available.

H 2 0 Shutdown
Pumps

Both pump trains must be
available.

Both pumps may be out
for maintenance.

No entry is allowed into
the DRB and no
maintenance is possible.
But one train may be out
of service for
maintenance that started
in POS-2.
At least one pump train
must be available for low
power operation.

Both pumps may be out
for maintenance.

At least one pump train
must be available for
power operation.

Motor-Generator
Sets
Space Conditioners

Maintenance allowed
anytime.
At least two systems
must be available.

Maintenance allowed
anytime.
At least one system must
be available.

Maintenance allowed
anytime.
At least two systems
must be available.

Maintenance allowed
anytime.
At least one system must
be available.

Maintenance allowed
anytime.
At least two systems
must be available.

Scavenge Pumps

No entry is allowed into
the DRB and no
maintenance is possible.
Two trains were available
in POS-5.

Scheduled maintenance
period. At least one train
is required to be
operable.

Scheduled and forced
maintenance possible. At
least one train must be
available.

No entry is allowed into
the DRB and no
maintenance is possible.
Two trains must be
available.

EPSS Diesel
Generators

Both trains must be
available.

Maintenance allowed
anytime.

Maintenance allowed
anytime.

One train must be
available for 84 hours
after shutdown from high
power.
Maintenance allowed
anytime.

Both trains required to be
operable.

Rig Diesel
Generators

One train must be
available for 84 hours
after shutdown from high
power.
Maintenance allowed
anytime.

No entry is allowed into
the DRB and no
maintenance is possible.
But one train may be out
of service for
maintenance that started
in POS-2.
One train required to be
available for low power
operation.

No. 1 Storage
Block Pumps

Maintenance allowed
anytime. One train must
be available.

Maintenance allowed
anytime. One train must
be available.

Maintenance allowed
anytime. One train must
be available.

Maintenance allowed
anytime. One train must
be available.

Maintenance allowed
anytime. One train must
be available.

Component in
Maintenance

00

Maintenance allowed
anytime.

Remarks
Maintenance outage time
can extend from POS-2
through POS-4
(60 hours).

Maintenance outage
allowed to extend from
POS-2 through POS-5
(645 hours).
No limit on allowed
outage time.
No limit on allowed
outage time for one
system.
Maintenance outage time
can extend from POS-2
through POS-4
(60 hours).

Maintenance outage time
can extend from POS-2
through POS-4
(60 hours).
No limit on allowed
outage time for one
system.
No limit on allowed
outage time for one
system.

Table 8-7. Main Characteristics of the HIFAR-Specific Maintenance Unavailability Distributions
Name
Description
SCS Train Unavailability due to Maintenance, Any POS
AMCHLU
Rig Diesel Generator Maintenance Unavailability - Any POS
AMDGAU
EPS Diesel Generator Maintenance Unavailability, POS-2, POS-3, and POS-4
AMDGBU
Motor-Generator Set Unavailability Due to Maintenance, Any POS
AMMGSU
AMPMBU
D2O Shutdown Pumps Maintenance Unavailability, POS-2, POS-3, and POS-4
Scavenge Pumps Maintenance Unavailability, POS-2, POS-3, and POS-4
AMPMDU
H2O Shutdown Pumps Maintenance Unavailability, POS-2, POS-3, POS-4, and POS-5
AMPMGU
AMVLVF*
Mains Valve Replacement Frequency
Mains Valve Unavailability due to Replacement
AMVMWU**
* Plant-specific frequency based on 2 replacements in 91 months.
** Product of plant-specific frequency and generic mean duration.

00

oo

Mean

5th %ile

Median

1.46E-01
3.34E-02
1.70E-02
8.98E-03
3.75E-03
3.66E-03
8.45E-03
1.90E-04
2.18E-03

1.31E-O3
2.56E-03
1.32E-03
8.53E-05
6.33E-05
6.34E-05
1.48E-04
1.13E-04
3.61E-04

2.87E-02
1.70E-02
8.56E-03
1.96E-03
9.50E-04
9.42E-04
2.19E-03
1.85E-04
1.53E-03

95th %ile
5.68E-01
1.10E-01
5.68E-02
3.57E-02
1.43E-02
1.38E-02
3.21E-02
2.86E-04
6.30E-03

Table 8-8. Main Characteristics of the HIFAR-Specific Initiating Events Distributions

I

a

00

Name
DSDPT
HFEJ
HSBPT
SLOSP
TCCA
TCCA3
TCCA5
TD1PT5
TD2PT5
TDHPT5
TDSPT1
TDSPT2
TDSPT4
TFLB
TH1PT
TH1PT1
TH1PT5
TH2PT
TH2PT1
TH2PT5
TIRT3
TIRT5
TMRI3
TMRI5
TRTSC1
XD2PT5

Description
Both D 2 0 Shutdown Pumps Trip - per Hour
Fuel Element Jammed in Flask - per Year
No. 1 Storage Block Cooling Pump Trips - per Year
Loss of Offsite Power - Sustained - per Year
CCA Connecting Rod Fails - per Hour
CCA Connecting Rod Fails during POS-3 - per Year
CCA Connecting Rod Fails during POS-5 - per Year
One or More D2O Pumps Fail during POS-5 - per Year
One or More Main D2O Pumps Trip during POS-5
(XD2PT5 + Manual Trips) - per Year
All Main D20, H20 Pumps Trip during POS-5 - per Year
Both D2O Shutdown Pumps Trip during POS-1 - per Year
Both D2O Shutdown Pumps Trip during POS-2 - per Year
Both D2O Shutdown Pumps Trip During POS-4 - per Year
Flow Blockage in HIFAR Core - per Year
One or More Main H 2 0 Pumps Fails - per Hour
One or More Main H 2 0 Pumps Fails during POS-1 - per Year
One or More Main H 2 0 Pumps Fails during POS-5 - per Year
One or More Main H 2 0 Pumps Trips (Recoverable) - per Year
One or More Main H 2 0 Pumps Trips during POS-1 - per Year
One or More Main H 2 0 Pumps Trips during POS-5 - per Year
Inadvertent Reactor Trip during POS-3 - per Year
Inadvertent Trip during POS-5 - per Year
Modest Reactivity Insertion in POS-3 - per Year
Modest Reactivity Insertion in POS-5 - per Year
RT in Compliance with LCO, One SCS Available - per Year
One or More Main D20 Pumps Trip during POS-5 - per Year

1
1
1
4
0

Time/
Demands
.67E+04
.55E+01
.55E+O1
.55E+01
.19E+05

2

1.55E+01

31

1.55E+01

6

1.23E+05

28

1.55E+01

32
263
5
12
4
7

I.55E+01
I.55E+01
I.55E+O1
I.55E+01
1.54E+01
I.55E+01

Events

Prior
Mean
5.18E-06
2.02E-01
2.51E-01
4.04E-01
3.52E-09
N/A
N/A
2.03E-01
N/A

Mean

5th %ile

Median

95th %ile

1.75E-05
1.19E-01
8.99E-02
2.83E-01
3.51E-09
2.74E-07
2.67E-05
1.21E-01
4.35E+00

9.49E-07
4.35E-02
1.99E-02
1.32E-01
1.34E-10
1.05E-08
1.02E-06
2.89E-02
4.18E+00

9.59E-06
1.07E-01
7.46E-02
2.66E-01
1.32E-09
1.03E-07
1.00E-05
1.03E-01
4.34E+00

6.08E-05
2.36E-01
2.12E-01
4.91E-01
1.29E-08
1.01E-06
9.84E-05
2.73E-01
4.59E+00

6.77E-01
N/A
N/A
N/A
N/A
8.65E-05
N/A
N/A
2.72E-01
N/A
N/A
4.04E+00
1.42E+01
1.19E+00
6.77E-01
1.61E+00
2.02E-01

1.89E+00
5.57E-03
1.13E-02
2.00E-03
2.67E-06
4.60E-05
1.46E-02
3.50E-01
1.60E+00
6.43E-02
1.54E+00
2.12E+00
1.69E+01
3.56E-01
7.38E-01
3.39E-01
3.54E-01

1.35E+00
3.02E-04
6.13E-04
1.08E-04
1.02E-07
2.00E-05
6.35E-03
1.52E-01
1.13E+00
4.53E-02
1.09E+00
1.56E+00
1.52E+01
1.61E-01
4.34E-01
1.53E-01
1.75E-01

1.87E+00
3.05E-03
6.19E-03
1.09E-03
1.00E-06
4.34E-05
1.38E-02
3.3OE-O1
1.59E+00
6.36E-02
1.52E+00
2.10E+00
1.69E+01
3.36E-01
7.18E-01
3.19E-01
3.37E-01

2.47E+00
1.93E-02
3.93E-02
6.93E-03
9.82E-06
8.21E-05
2.61E-02
6.24E-01
2.24E+00
8.98E-02
2.15E+00
2.74E+00
1.86E+01
6.19E-01
1.11E+00
5.90E-01
5.90E-01

Table 8-9 (Page 1 of 7). Main Characteristics of the Generic Data Distributions Used for HIFAR PSA
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o

Name
ZBCBFC
ZBCBFO
ZBCHLR
ZBCHLS
ZBCPAR
ZBCPAS
ZBCPBR
ZBCPBS
ZBCPCR
ZBCPCS
ZBCRAD
ZBDGAR
ZBDGBS
ZBDGBR
ZBFN2R
ZBFN2S
ZBFNAR
ZBFNAS
ZBFNBR
ZBFNBS
ZBFNCR
ZBFNCS
ZBMGSR

ZBPMAR
ZBPMAS
ZBPMBR
ZBPMBS
ZBPMCR
ZBPMCS
ZBPMDR
ZBPMDS
ZBPMER
ZBPMES
ZBPMFR
ZBPMFR
ZBPMGR
ZBPMGS
ZBPMHR
ZBPMHS
ZBPMIR
ZBPMIS

Description
Beta Factor - Circuit Breaker Fails to Close
Beta Factor - Circuit Breaker Fails to Open
Beta Factor - Chiller Fails to Run
Beta Factor - Chiller Fails to Start
Beta Factor - Space Condition System Compressor Fails to Operate
Beta Factor - Space Condition System Compressor Fails to Start on Demand
Beta Factor - Compressed Air System Air Compressor Fails to Operate
Beta Factor - Compressed Air System Air Fails to Start on Demand
Beta Factor - Building 4 Air System Compressor Fails to Operate
Beta Factor - Building 4 Air System Compressor Fails to Start on Demand
Beta Factor - CCAs Fail to Insert on Demand
Beta Factor - Rig Diesel Fails to Operate
Beta Factor - EPSS Diesel Fails to Start on Demand
Beta Factor - EPSS Diesel Generator Fails to Operate
Beta Factor - Ventilation Fan Fails to Run
Beta Factor - Ventilation Fan Fails to Start
Beta Factor - SCS Fan Fails to Operate
Beta Factor - SCS Fan Fails to Start
Beta Factor - Extract Fan Fails to Operate
Beta Factor - Extract Fan Fails to Start
Beta Factor - ECR Ventilation System Fan Fails to Operate
Beta Factor - ECR Ventilation System Fan Fails to Start
Beta Factor - Motor-Generator Set Fails to Run
Beta Factor - Main Dfi Pump Fails to Run
Beta Factor - Main D 2 0 Pumps Fails to Start
Beta Factor - Shutdown D 2 0 Pump Fails to Run
Beta Factor - Shutdown D 2 0 Pump Fails to Start
Beta Factor - Liquid Level System Pump Fails to Run
Beta Factor - Liquid Level System Pump Fails to Start
Beta Factor - Scavenger Pump Fails to Run
Beta Factor - Scavenger Pump Fails to Start
Beta Factor - Chilled Water Pump Fails to Run
Beta Factor - Chilled Water Pump Fails to Start
Beta Factor - H 2 0 Main Pump Fails to Run
Beta Factor - H 2 0 Main Pump Fails to Start
Beta Factor - H 2 0 Shutdown Pump Fails to Run
Beta Factor - H2O Shutdown Pump Fails to Start
Beta Factor - Building 4 Makeup Pump Fails to Run
Beta Factor - Building 4 Makeup Pump Fails to Start
Beta Factor - No. 1 Storage Block Pump Fails to Run
Beta Factor - No. 1 Storage Block Pump Fails to Start

Mean
7.00E-02
7.00E-02
.OOE-03
.00E-02
.OOE-03
.OOE-02
.OOE-03
.OOE-02
1 .OOE-03
.OOE-02
.OOE-01
.15E-02
2.63E-O2
.15E-02
.OOE-03
.OOE-02
.OOE-03
.OOE-02
.OOE-03
.OOE-02
.OOE-03
.OOE-02
.OOE-03
1.12E-02
2.28E-02
1.00E-02
7.03E-02
7.81E-03
1.61E-02
1.00E-02
7.03E-02
1.12E-02
2.28E-02
1.12E-02
2.28E-02
1.00E-02
7.00E-02
7.81E-03
I.61E-02
7.81E-03
1.61E-02

5th %ile
9.34E-03
9.34E-03
3.31E-05
1.37E-03
3.58E-05
1.37E-03
3.31E-05
1.31E-03
3.31E-05
1.37E-03
4.09E-03
2.00E-07
2.11E-08
2.00E-07
3.58E-05
1.31E-03
3.58E-05
1.31E-03
3.58E-0S
1.37E-03
3.58E-O5
1.31E-03
3.58E-05
3.03E-06
1.3OE-O5
1.37E-03
9.47E-03
8.86E-08
3.25E-07
I.37E-O3
9.47E-03
3.03E-06
1.30E-05
3.03E-06
1.30E-05
1.31E-03
9.34E-03
8.86E-08
3.2SE-07
8.86E-08
3.25E-07

Median
5.77E-02
5.77E-02
6.43E-04
8.04E-03
6.42E-04
8.04E-03
6.43E-04
8.04E-03
6.43E-04
8.04E-03
6.83E-02
2.02E-03
2.56E-03
2.02E-03

6.42E-04
8.04E-03
6.42E-04
8.04E-03
6.42E-04
8.04E-03
6.42E-04
8.04E-03
6.42E-04
3.22E-03
7.60E-03
8.04E-03
5.76E-02
1.25E-03
2.93E-03
8.04E-03
5.76E-02
3.22E-03
7.60E-03
3.22E-03
7.60E-03
8.04E-03
5.77E-02
1.25E-03
2.93E-03
1.25E-03
2.93E-03

95th %ile
1.72E-01
1.72E-01
3.16E-03
2.49E-02
3.08E-03
2.49E-02
3.16E-03
2.54E-02
3.16E-03
2.49E-02
3.04E-01
5.5IE-02
1.36E-01
5.51E-02
3.08E-03
2.54E-02
3.08E-03
2.S4E-02
3.08E-03
2.49E-02
3.08E-03
2.54E-02
3.08E-03
4.91E-02
9.66E-02
2.49E-02
1.69E-0I
3.79E-02
7.71E-02
2.49E-02
1.69E-0I
4.91E-02
9.66E-02
4.91E-02
9.66E-02
2.54E-02
I.72E-0I
3.79E-02
7.71E-02
3.79E-02
7.71E-02

Table 8-9 (Page 2 oil).
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ZBPRIA
ZBPR1B
ZBPRIC
ZBRL1D .
ZBVAOD
ZBVMOD
ZBVSOD
ZDFNAR
ZDFNAS
ZDPMFR
ZDPMFS
ZDPRIA
ZDPRIB
ZDRL1D
ZDVAOD
ZDVMOD
ZDVSOD
ZGCHLR
ZGCHLS
ZGFNAR
ZGFNAS
ZGPMAR
ZGPMAS
ZGPMER
ZGPMES
ZGPMFR
ZGPMFS
ZGPRIA
ZGPRIB
ZGPRIC
ZGRL1D
ZGVAOD
ZGVMOD
ZGVSOD
ZHECOI
ZHEC02
ZHEC03
ZHE01A
ZHEO1B
ZHE02A
ZHEO2B

Main Characteristics of the Generic Data Distributions Used for HIFAR PSA

Description
Beta Factor Prior - Type A
Beta Factor Prior-Type B
Beta Factor Prior - Type C
Beta Factor - Relay Fails on Demands
Beta Factor - Air-Operàted Valve Fails to Open/Close
Beta Factor - Motor-Operated Valve Fails to Open/Close
Beta Factor - Solenoid Valve Fails to Operate on Demand
Delta Factor - SCS Fan Fails to Operate
Delta Factor - SCS Fan Fails to Start
Delta Factor - H 2 0 Main Pump Fails to Run
Delta Factor - H2O Main Pump Fails to Start
Delta Factor Prior - Type A
Delta Factor Prior - Type B
Delta Factor - Relay Fails on Demand
Delta Factor - Air-Operated Valve Fails to Open/Close
Delta Factor - Motor-Operated Valve Fails to Open/Close
Delta Factor - Solenoid Valve Fails to Operate on Demand
Gamma Factor - Chiller Fails to Run
Gamma Factor - Chiller Fails to Start
Gamma Factor - SCS Fan Fails to Operate
Gamma Factor - SCS Fan Fails to Start
Gamma Factor - Main D 2 0 Pump Fails to Run
Gamma Factor - Main D 2 0 Pump Fails to Start
Gamma Factor - Chilled Water Pump Fails to Run
Gamma Factor - Chilled Water Pump Fails to Start
Gamma Factor - H 2 0 Main Pump Fails to Run
Gamma Factor - H 2 0 Main Pump Fails to Start
Gamma Factor Prior - Type A
Gamma Factor Prior - Type B
Gamma Factor Prior - Type C
Gamma Factor - Relay Fails on Demand
Gamma Factor - Air-Operated Valve Fails to Open/Close
Gamma Factor - Motor-Operated Valve Fails to Open/Close
Gamma Factor - Solenoid Valve Fails to Operate on Demand
Error of Commission - Type I
Error of Commission -- Type II
Error of Commission - Type III
Error of Omission — Type la
Error of Omission - Type Ib
Error of Omission -- Type Ha
Error of Omission — Type lib

Mean
1.00E-03
1.00E-02
7.00E-02
7.00E-02
7.00E-02
7.03E-02
7.00E-02
1.78E-01
1.78E-01
1.78E-0I
1.78E-01
1.78E-01
2.84E-01
2.84E-01
1.78E-01
1.78E-01
2.84E-01
7.00E-02
1.40E-01
7.03E-02
1.40E-01
2.23E-01
2.13E-01
2.23E-01
2.13E-01
2.23E-01
2.13E-01
7.00E-02
1.40E-0I
2.52E-01
7.00E-02
1.40E-01
1.40E-01
7.03E-02
9.00E-03
4.70E-03
4.70E-03
2.20E-03
4.70E-03
2.20E-02
2.20E-01

5th %ile
3.58E-05
1.31E-03
9.34E-03
9.34E-03
9.34E-03
9.47E-03
9.34E-03
3.19E-02
3.19E-02
3.19E-02
3.19E-02
3.19E-02
l.UE-01
1.11E-01
3.31E-02
3.31E-02
1.09E-01
9.34E-03
4.97E-02
9.47E-03
5.07E-02
8.63E-03
6.83E-03
8.63E-03
6.83E-03
8.63E-03
6.83E-03
9.34E-03
4.97E-02
1.04E-0I
9.34E-03
4.97E-02
5.07E-02
9.47E-03
8.65E-04
6.63E-04
6.63E-04
1.28E-04
6.63E-04
1.28E-03
1.25E-02

Median
6.42E-04
8.04E-03
5.77E-02
5.77E-02
5.77E-02
5.76E-02
5.77E-02
.57E-01
.57E-01
.57E-01
.57E-01
.57E-01
2.73E-01
2.73E-01
1.56E-01
1.56E-01
2.73E-01
5.77E-02
1.31E-01
5.76E-02
.31E-01
I.70E-01
I.56E-01
I.70E-01
I.56E-01
I.70E-01
I.56E-01
5.77E-02
1.31E-01
2.42E-01
5.77E-02
1.31E-01
1.31E-0I
5.76E-02
5.28E-03
3.14E-03
3.14E-03
1.08E-03
3.14E-03
1.11E-02
1.84E-01

95th %ile
3.08E-03
2.54E-02
1.72E-01
1.72E-01
1.72E-01
1.69E-01
1.72E-01
3.97E-01
3.97E-01
3.97E-01
3.97E-01
3.97E-01
4.91E-01
4.91E-01
3.91E-01
3.91E-01
4.96E-01
I.72E-01
2.60E-01
1.69E-01
2.57E-01
6.15E-01
6.10E-01
6.15E-01
6.10E-01
6.I5E-01
6.10E-01
1.72E-01
2.60E-01
4.31E-0I
1.72E-01
2.60E-01
2.57E-0!
1.69E-01
2.96E-02
1.41E-02
1.41E-02
7.87E-03
1.41E-02
7.87E-02
S.88E-01
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Name
ZMBUSF
ZMCHND
ZMCMPF
ZMCPAF
ZMCPBF
ZMCPCF
ZMCPND
ZMDGLD
ZMDGSF
ZMELEF
ZMELLD
ZMF1ND
ZMF2ND
ZMFN1F
ZMFN2F
ZMFNAF
ZMFNBF
ZMFNCF
ZMGTSD
ZMGTSF
ZMHX1F
ZMHX2F
ZMHXCF
ZMHXND
ZMHXOF
ZMHXSF
ZMMGND
ZMOLSD
ZMOMSD
ZMONSD
ZMOSSD
ZMPLSD
ZMPMAF
ZMPMCF
ZMPMEF
ZMPMFF
ZMPMHF
ZMPMIF
ZMPMSD
ZMPMSF

Description
DC and AC Buses -- Maintenance Frequency
Maintenance Duration • Chillers and Freon Compressors • No Tech Specs
Air Compressors - Maintenance Frequency
Space Condition System Compressor - Maintenance Frequency
Compressed Air System Air Compressor - Maintenance Frequency
Building 4 Air System Compressor • Maintenance Frequency
Maintenance Duration - Air Compressors - No Tech Specs
Maintenance Duration - Diesel Generators - Long Tech Specs
Diesel Generators - Maintenance Frequency
Batteries, Chargers, and Inverters - Maintenance Frequency
Maintenance Duration - Electrical Equipment - Long Tech Specs
Maintenance Duration - Large Fans • No Tech Specs
Maintenance Duration - Small Fans - No Tech Specs
Large Fans - Maintenance Frequency
Small Fans - Maintenance Frequency
Cooling Tower Fan - Maintenance Frequency
Extract Fan - Maintenance Frequency
ECR Ventilation System Fan - Maintenance Frequency
Maintenance Duration - Gas Turbine - No Tech Spec
Gas Turbines - Maintenance Frequency
D2O Coolant Circuit Heat Exchanger • Maintenance Frequency
H2O Cooling Circuit Heat Exchanger - Maintenance Frequency
Closed Loop Heat Exchangers - Maintenance Frequency
Maintenance Duration - Heat Exchangers - No Tech Specs
Open Loop Heat Exchangers - Maintenance Frequency
No. 1 Storage Block Cooling Steam Heat Exchanger • Maintenance Frequency
Maintenance Duration - Motor-Generator Set - No Tech Spec
Maintenance Duration - Other Equipment - Long Tech Specs
Maintenance Duration - Other Equipment - 48 and 72 Hour Tech Specs
Maintenance Duration - Other • No Tech Specs
Maintenance Duration - Other Equipment - 24-Hour Tech Specs
Maintenance Duration - Pumps - 168-Hour Tech Specs
Main D2O Pump - Maintenance Frequency
Liquid Level System Pump - Maintenance Frequency
Chilled Water Pump - Maintenance Frequency
HjO Main Pump • Maintenance Frequency
Building 4 Makeup Pump - Maintenance Frequency
No. 1 Storage Block Pump - Maintenance Frequency
Maintenance Duration - Pumps - 72-Hour Tech Specs
Other Standby Motor and Diesel-Driven Pumps - Maintenance Frequency

Mean
5.99E-06
4.73E+02
6.44E-04
6.44E-04
6.44E-04
6.44E-04
7.89E+01
3.39E+01
9.89E-04
2.26E-05
3.51E+01
8.00E+01
9.46E+01
1.98E-04
1.42E-04
1.98E-04
1.42E-04
I.42E-04
2.36E+02
9.47E-04
5.32E-06
5.32E-06
5.32E-06
2.75E+02
1.51E-04
5.32E-06
9.71E+01
3.96E+01
I.69E+01
1.14E+02
8.36E+00
3.66E+01
2.07E-04
2.07E-04
2.07E-04
2.07E-04
2.30E-04
2.07E-04
1.59E+01
2.30E-04

5th %ile
2.41E-07
2.77E+0I
3.70E-05
3.70E-05
3.70E-05
3.70E-05
4.44E+00
8.I9E+00
1.55E-04
9.52E-07
6.08E+00
4.86E+00
6.88E+00
9.37E-06
4.36E-06
9.37E-06
4.36E-06
4.36E-06
2.55E+01
3.51E-05
5.19E-07
5.19E-07
5.19E-07
1.97E+01
6.07E-06
5.19E-07
1.28E+01
7.41E+00
4.21E+00
4.19E+00
1.34E+00
6.75E+00
1.95E-05
1.95E-05
1.95E-05
1.95E-05
8.73E-06
1.95E-05
2.87E+00
8.73E-06

Median
2.31E-06
2.29E+02
2.84E-04
2.84E-04
2.84E-04
2.84E-04
3.55E+01
2.64E+0I
6.51E-04
8.73E-06
2.50E+01
3.8SE+01
4.74E+01
8.Q2E-05
4.74E-05
8.02E-05
4.74E-05
4.74E-05
1.50E+02
3.43E-04
3.11E-06
3.UE-06
3.11E-06
1.47E+02
5.85E-05
3.11E-06
6.82E+01
2.88E+01
1.32E+01
4.36E+0I
5.8OE+OO
2.6IE+01
1.12E-04
1.12E-04
I.12E-04
I.12E-04
8.49E-05
I.12E-04
.12E+01
8.49E-05

95th %ile
2.09E-05
1.87E+03
2.I7E-03
2.17E-03
2.17E-03
2.17E-03
2.92E+02
8.I7E+0I
2.78E-03
7.94E-05
9.58E+01
2.75E+02
3.23E+02
6.87E-04
5.09E-04
6.87E-04
5.09E-04
5.09E-04
7.83E+02
3.29E-03
I.49E-05
1.49E-05
1.49E-0S
1.04E+03
5.33E-04
I.49E-05
2.86E+02
1.06E+02
4.11E+0I
4.S1E+02
2.48E+01
9.99E+0I
6.54E-04
6.54E-04
6.54E-04
6.54E-04
8.18E-04
6.54E-04
4.42E+01
8.18E-04
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Name
ZMPNSD
ZMPO2F
ZMPOPF
ZMPPDF
ZMPS2F
ZMPSSD
ZMPSWF
ZMPTSF
ZMSC1F
ZMVLSD
ZMVLVF
ZMVNSD
ZMVSSD
ZMXFRF
ZTBATD
ZTBATR
ZTBCHR
ZTBS1R
ZTCB1C
ZTCB10
ZTCB1T
ZTCB2C
ZTCB20
ZTCB2T
ZTCB3D
ZTCCOS
ZTCHLR
ZTCHLS
ZTCISL
ZTCISS
ZTCMPR
ZTCMPS ZTCPAR
ZTCPAS
ZTCPBR
ZTCPBS
ZTCPCR
ZTCPCS
ZTCRAD

Description
Maintenance Duration - Pumps - No Tech Specs
Multiple Operating Motor Driven Pumps • Maintenance Frequency
Other Operating Pumps - Maintenance Frequency
Positive Displacement Pumps - Maintenance Frequency
Multiple Standby Motor-Driven Pumps - Maintenance Frequency
Maintenance Duration - Pumps - Short Tech Specs
Operating Service Water Pumps • Maintenance Frequency
Standby Turbine-Driven Pumps - Maintenance Frequency
Service Water Strainers - Maintenance Frequency
Maintenance Duration - Valves - Long Tech Specs
Valves - Maintenance Frequency
Maintenance Duration • Valves - No Tech Specs
Maintenance Duration - Valves - Short Tech Specs
Transformers - Maintenance Frequency
Batteries, 12SV DC - Fail on Demand
Batteries, I2SV DC - Fail during Operation
Battery Chargers • Fail during Operation
Buses - Fail during Operation
Circuit Breaker (480V AC and Above) - Fail to Close/Demand
Circuit Breaker (480V AC and Above) - Fail to Open/Demand
Circuit Breakers (480V AC and Above) - Transfer Open
Circuit Breakers (Less than 480V) - Fail to Close/Demand
Circuit Breakers (Less than 480V) - Fail to Open on Demand
Circuit Breakers (Less than 480V) - Transfer Open
Reactor Trip Breakers - Fail on Demand
Cables, Control - Fail Open or Short
Chillers - Failure during Operation
Chillers - Failure to Start on Demand
Containment Buildings - Large Preexisting Leak
Containment Buildings - Small Preexisting Leak
Compressors, Air - Fail during Operation
Compressors, Air - Fail to Start on Demand
Space Condition System Compressor - Fail during Operation
Space Condition System Compressor • Fail to Start on Demand
Compressed Air System Air Compressor - Fail during Operation
Compressed Air System Air Compressor - Fail to Start on Demand
Building 4 Air System Compressor - Fail during Operation
Building 4 Air System Compressor - Fail to Start on Demand
Single Scram Rod (PWR) - Fail on Demand

Mean
1.87E+02
3.66E-05
2.07E-04
2.96E-04
4.48E-05
7.36E+00
3.15E-04
6.82E-04
8.75E-05
3.60E+01
3.78E-05
1.47E+02
1.17E+01
2.95E-05
4.84E-04
7.S3E-07
1.86E-05
4.98E-07
1.61E-03
6.49E-04
8.28E-07
2.27E-04
8.39E-04
2.68E-07
1.77E-03
4.64E-06
9.44E-05
8.07E-03
1.44E-03
3.80E-03
9.81E-05
3.29E-03
9.81E-05
3.29E-03
9.81E-05
3.29E-03
9.81E-05
3.29E-03
3.52E-05

5th %ile
7.80E+00
3.56E-06
1.95E-05
2.17E-05
I.53E-05
1.17E+00
4.35E-05
1.09E-04
1.39E-05
8.33E+00
2.39E-06
6.31E+00
2.20E+00
8.44E-07
8.20E-05
6.83E-08
1.30E-06
9.39E-08
3.12E-04
6.95E-05
5.97E-08
8.79E-06
3.24E-05
2.94E-08
4.93E-04
9.93E-07
2.56E-05
1.02E-03
2.68E-05
1.66E-04
1.26E-05
2.39E-04
1.26E-05
2.39E-04
1.26E-05
2.39E-04
1.26E-05
2.39E-04
1.35E-06

Median
7.21E+01
1.97E-05
1.12E-04
1.48E-04
3.40E-05
4.96E+00
2.0IE-04
4.99E-04
6.20E-05
2.66E+0I
1.76E-05
5.84E+01
8.45E+00
9.50E-06
3.55E-04
4.24E-07
8.63E-06
3.63E-07
I.22E-03
4.11E-04
4.42E-07
9.61E-05
3.55E-04
1.57E-07
I.44E-03
3.52E-06
7.67E-05
5.20E-03
5.59E-04
1.95E-03
6.19E-05
1.84E-03
6.19E-05
1.84E-03
6.I9E-05
1.84E-03
6.19E-05
1.84E-03
1.32E-05

95th %ile
6.69E+02
1.07E-04
6.54E-04
9.65E-04
1.03E-04
2.10E+01
9.12E-04
1.80E-03
2.I1E-04
8.95E+01
1.28E-04
5.43E+02
3.20E+01
1.07E-04
1.32E-03
2.40E-06
6.86E-05
1.3SE-06
4.02E-03
1.84E-03
2.92E-06
8.49E-04
3.13E-03
1.04E-06
4.I4E-03
1.22E-05
2.26E-04
2.49E-02
4.97E-03
1.41E-02
2.98E-04
1.32E-02
2.98E-04
1.32E-02
2.98E-04
1.32E-02
2.98E-04
1.32E-02
1.30E-04
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Name
ZTDAOD
ZTDAOT
ZTDGA2
ZTDGB2
ZTDGS1
ZTDGS2
ZTDGSS
ZTDHOT
ZTD1SB
ZTDMOD
ZTDMOT
ZTFA1P
ZTFA2P
ZTFA3P
ZTFL1P
ZTFN1R
ZTFNIS
ZTFN2R
ZTFN2S
ZTFNAR
ZTFNAS
ZTFNBR
ZTFNBS
ZTFNCR
ZTFNCS
ZTFU1R
ZTHTRR
ZTHXRB
ZTINVR
ZTLC1D
ZTLC1R
ZTMGSS
ZTPBSD
ZTPMER
ZTPMES
ZTPMHR
ZTPMHS
ZTPMOR
ZTPMOS
ZTPMSR

Description
Dampers, Pneumatic - Fail on Demand
Dampers, Pneumatic - Transfer Open or Closed
Instrumentation Power Rig Diesel - Fail after First Hour
EPS Diesel Generator - Fail after First Hour
Diesel Generators - Fail during First Hour
Diesel Generators - Fail after First Hour
Diesel Generators • Fail to Start on Demand
Dampers, Manual - Transfer Open or Closed
Bursting Disk, Fails on Demand (Page 2-47 Nprd_9I, Bursting Diaphragm)
Dampers, Motor Operated - Fail on Demand
Dampers, Motor Operated - Transfer Open or Closed
Filters, Air - Plug during Operation
Filters, Oil Removal - Plug during Operation
Filters, Compressed Air - Plug during Operation
Filters, Ventilation • Plug during Operation
Fans, Large (Cooling Tower, Containment)-Fail during Operation
Fans, Large (Cooling Tower, Containment) - Fail to Start
Fans, Small (Ventilation) - Fail during Operation
Fans, Small (Ventilation) - Failure to Start on Demand
SCS Fan - Fail during Operation
SCS Fan - Fail to Start on Demand
Extract Fan - Fail during Operation
Extract Fan - Fail to Start on Demand
ECR Ventilation System Fan - Fail during Operation
ECR Ventilation System Fan • Fail to Start on Demand
Fuses - Fail Open
Heat Tracing Lines - Fail during Operation
Heat Exchangers - Rupture/Leak
Inverters - Fail during Operation
Trip Logic Modules - Fail on Demand
Trip Logic Modules - Fail during Operation
Motor-Generator Set - Fail to Start (Cloned from ZTPMOS)
Switches, Pushbutton - Fail on Demand
Chilled Water Pump - Fail during Operation
Chilled Water Pump - Fail to Start on Demand
Building 4 Makeup Pump - Fail during Operation
Building 4 Makeup Pump - Fail to Start on Demand
Pumps, Normally Operating Motor-Driven - Fail during Operation
Pumps, Normally Operating Motor-Driven - Fail to Start
Pumps, Standby Motor-Driven • Fail during Operation

Mean
I.52E-03
2.67E-07
2.51E-03
2.5IE-03
1.70E-02
2.51E-03
2.14E-02
4.20E-08
8.40E-05
4.30E-03
9.27E-08
5.83E-06
1.76E-05
3.54E-05
1.07E-06
7.88E-06
2.93E-03
7.89E-06
4.84E-04
7.88E-06
2.93E-03
7.89E-06
4.84E-04
7.89E-06
4.84E-04
9.20E-07
8.80E-06
1.95E-06
1.83E-05
8.52E-05
2.70E-06
2.35E-03
2.40E-05
3.36E-05
2.35E-03
7.35E-05
1.61E-04
3.36E-05
2.35E-03
3.42E-05

5th %ile
3.04E-04
2.08E-08
2.64E-04
2.64E-04
I.32E-03
2.64E-04
3.08E-03
1.99E-09
2.57E-07
8.UE-04
1.12E-08
2.47E-07
7.44E-07
1.4IE-06
4.12E-08
1.98E-06
4.0IE-04
1.98E-06
6.12E-05
1.98E-06
4.01E-04
1.98E-06
6.12E-05
1.98E-06
6.12E-05
3.48E-08
2.75E-07
2.91E-07
2.32E-06
3.30E-06
1.13E-07
3.I0E-04
1.07E-06
2.58E-06
3.10E-04
9.22E-06
2.03E-05
2.58E-06
3.10E-04
3.48E-06

Median
.20E-03
.27E-07
.71E-03
.71E-03
.04E-02
.71E-03
.46E-02
.66E-08
8.45E-06
3.07E-03
5.50E-08
2.27E-06
6.84E-06
1.34E-05
4.50E-07
6.48E-06
1.89E-03
6.48E-06
3.12E-04
6.48E-06
I.89E-03
6.48E-06
3.I2E-04
6.48E-06
3.12E-04
3.51E-07
2.97E-06
1.47E-06
I.27E-05
3.60E-05
1.24E-06
1.62E-03
9.59E-06
I.88E-05
1.62E-03
4.55E-05
1.00E-04
1.88E-05
I.62E-03
2.10E-05

95th %lle
3.74E-03
1.01E-06
7.33E-03
7.33E-03
5.93E-02
7.33E-03
7.24E-02
1.65E-07
2.78E-04
1.37E-02
2.95E-07
2.68E-05
8.09E-05
I.44E-04
3.98E-06
1.80E-0S
8.82E-03
.8OE-O5
.49E-03
.80E-05
1S.82E-03
.80E-05
.49E-03
.8OE-O5
.49E-03
3.31E-06
4.20E-05
5.91E-06
5.13E-05
3.18E-04
1.09E-05
8.48E-03
I.IOE-04
I.34E-04
8.48E-03
2.25E-04
4.94E-04
I.34E-04
8.48E-03
I.28E-04
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Name
ZTPMSS
ZTPP1B
ZTPP2B
ZTPSIR
ZTPSHR
ZTPSLR
ZTPTSR
ZTPTSS
ZTRL1D
ZTRL1R
ZTRSCP
ZTSC1P
ZTSCAB
ZTSEQD
ZTSMDR
ZTSPNP
ZTSTCD
ZTSWBD
ZTSWBI
ZTSWPD
ZTTK1B
ZTTM1X
ZTTRFR
ZTTRLR
ZTTRMR
ZTTRPR
ZTUVCD
ZTV3WD
ZTVAOD
ZTVAOF
ZTVAOT
ZTVCOC
ZTVCOD
ZTVCOL
ZTVCOO
ZTVCOP
ZTVCSD
ZTVCSL
ZTVCSP
ZTVE1D

ES

I

.3

00

»s
•
":'"'
'. "Description
^•-,l
•
^
Pumps, Standby Motor-Driven - Fail to Start on Demand
Pipes (Greater Than Three Inch Diameter) Rupture/Plug
Pipes (Less Than Three Inch Diameter) Rupture/Plug
Power Supplies - Fail during Operation
Power Supplies (+120V DC ESFAS) - Fail during Operation
Power Supplies (+5V or+25V DC ESFAS)-Fail during Operation
Pumps, Turbine-Driven • Fail during Operation
Pumps, Turbine-Driven - Fail to Start on Demand
Relays - Fail on Demand
Relays - Fail during Operation
Sumps, Containment - Plug during Operation
Strainers, Service Water - Plug during Operation
Accumulators, Scram - Rupture/Leak
ECCAS/Lop Sequencer - Fail on Demand
Signal Modifiers - Fail during operation
Nozzles, Containment Bid Spray (One Train) - Plug during Operation
Reactor Trip Breaker Shunt Trip Coil • Fail to Open on Demand
Bistables - Fail on Demand
Bistables - Spurious Operation
Switches, Pressure - Fail on Demand
Tanks, Storage - Rupture/Leak
Temperature Monitor Loops - No Output
Transmitters, Flow - Fail during Operation
Transmitters, Level - Fail during Operation
Ion Chamber, Radiator Detector Fails
Transmitters, Pressure - Fail during Operation
Reactor Trip Breaker Undervoltage Coil - Fail to Open/Demand
Valves, Pressure Control (Three-Way) - Fail on Demand
Valves, Air-Operated - Fail on Demand
Valves, Air-Operated - Fail to Transfer to Failed Position
Valves, Air-Operated - Transfer Open or Closed
Valves, Check (Other Than Stop) - Fail to Close
Valves, Check (Other Than Stop Valves) - Fail on Demand
Valves, Check (Other Than Stop) - Gross Reverse Leakage
Valves, Check (Other Than Stop) - Fail to Open
Valves, Check (Other Than Stop) - Transfer Closed or Plug
Valves, Checkstop Valves - Fail on Demand
Valves, Checkstop Valves - Gross Reverse Leakage
Valves, Checkstop Valves - Transfer Closed or Plug
Valves, Electro-Hydraulic (Except TSV, TCV) - Fail on Demand

--

• ^Htmf
3.29E-03
8.60E-10
8.60E-09
1.71E-05
1.33E-04
5.33E-05
I.03E-03
3.31E-02
2.41E-04
4.20E-07
l.OOE-05
6.22E-06
2.46E-06
2.94E-06
2.94E-06
7.06E-08
1.40E-04
3.89E-07
2.21E-06
2.69E-04
2.66E-08
3.41E-06
6.25E-06
1.57E-05
6.25E-06
7.60E-06
2.75E-03
1.52E-03
1.52E-03
2.66E-04
2.67E-07
3.24E-04
2.69E-04
5.36E-07
1.74E-04
I.04E-08
9.13E-04
5.36E-07
1.04E-08
I.52E-03

-, MedJtfcM

.2.39E-04
3.14E-I2
3.14E-11
1.25E-06
5.15E-06
2.06E-06
7.22E-05
6.5IE-03
1.95E-05
3.08E-08
4.48E-07
1.06E-06
1.04E-07
9.27E-08
5.20E-07
3.59E-09
3.90E-05
7.16E-08
4.21E-09
1.63E-05
I.03E-09
4.31E-08
7.35E-07
4.23E-06
7.84E-07
9.96E-07
7.66E-04
3.O4E-O4
3.04E-04
1.O3E-05
2.08E-08
I.63E-04
6.21E-05
1.08E-07
7.63E-05
2.82E-09
8.51E-05
1.08E-07
2.82E-09
3.04E-04

I.84E-03
1.52E-I0
1.52E-09
8.22E-06
5.63E-05
2.25E-05
4.85E-04
2.67E-02
1.35E-04
2.23E-07
4.00E-06
4.25E-06
9.56E-07
1.0IE-06
2.21E-06
3.30E-08
1.14E-04
2.83E-07
3.04E-07
I.34E-04
1.13E-08
7.27E-07
4.66E-06
1.24E-05
3.87E-06
5.16E-06
2.24E-03
1.20E-03
1.20E-03
1.12E-04
1.27E-07
3.11E-04
1.88E-04
3.61E-07
1.6IE-04
8.45E-09
4.60E-04
3.61E-07
8.45E-09
I.20E-03

I.32E-02
2.98E-09
2.98E-08
5.82E-05
4.97E-04
I.99E-04
3.78E-O3
8.64E-02
8.15E-04
1.67E-06
4.56E-0S
1.58E-05
1.13E-05
8.95E-06
8.20E-06
2.57E-07
3.27E-04
1.08E-06
6.97E-06
1.1IE-03
9.95E-08
I.71E-05
1.81E-05
3.77E-05
I.91E-05
2.41E-05
6.42E-03
3.74E-03
3.74E-03
9.93E-04
1.01E-06
5.28E-04
6.70E-04
I.59E-06
3.15E-04
2.49E-08
3.04E-03
1.59E-06
2.49E-08
3.74E-03
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00

ZTVE1T
ZTVE21
ZTVE22
ZTVE2D
ZTVHOT
ZTVMCX
ZTVMOD
ZTVMOE
ZTVMOT
ZTVRIO
ZTVR1S
ZTVR1W
ZTVR2O
ZTVR2T
ZTVR3C
ZTVR3O
ZTVR4C
ZTVR4O
ZTVSOD
ZTVSOT
ZTVTCD
ZTVTCF
ZTVTCT
ZTXR1R
ZTXR2R
ZTXR3R

,
-,, ' &\ <: :,-', '^ , iWlcrip«0B .,. . , , % ' ;
' ,„
Valves, Eleclo-Hydraulic (Except TSV, TCV) - Transfer Open/Closed
Valves, Turbine Stop/Control - Transfer Closed
Valves, Turbine Stop/Control - Transfer Open
Valves, Turbine Stop/Control - Fail on Demand
Valves, Manual - Transfer Open or Closed
Disc Check Valve or Motor-Operated Valve - Rupture
Valves, Motor Operated - Fail on Demand
Valves, Motor Operated -Fail to Close While Showing Closed
Valves, Motor Operated - Transfer Open or Closed
Valves, Safety - Fail to Open on Demand
Valves, Safety - Fail to Reseat after Steam Relief
Valves, Safety - Fail to Reseat after Water Relief
Valves, Relief (Except PORV or Safety) - Fail to Open/Demand
Valves, Relief (Other Than PORVs or Safetys) - Transfer Open
Valves, Relief (Power Operated) - Fail to Close on Demand
Valves, Relief (Power Operated) - Fail to Open on Demand
Valves, Relief (Two-Stage Target Rock)-Fail to Close/Demand
Valves, Relief (Two-Stage Target Rock)-Fail to Open/Demand
Valves, Solenoid - Fail on Demand
Valves, Solenoid - Transfer Open or Closed
Valves, Temperature Control (Butterfly) - Fail on Demand
Valves, Temperature Control (Butterfly) Fail to Transfer to Failed Position
Valves, Temperature Control (Butterfly) - Transfer Open or Closed
Transformers (4.16 kV and Above) - Fail during Operation
Transformers (4.16 kV to 480V) - Fail during Operation
Transformers, Instr (480V to I20V) - Fail during Operation

5fh%«e 4
2.67E-07
2.88E-05
1.24E-05
1.25E-04
4.20E-08
I.55E-08
4.30E-03
1.07E-04
9.27E-08
3.28E-04
2.87E-03
1.00E-01
2.42E-05
6.06E-06
2.50E-02
4.27E-03
8.88E-03
9.07E-03
2.43E-03
1.27E-06
1.52E-03
2.66E-04
4.20E-08
1.56E-06
6.87E-07
1.55E-06

2.08E-08
1.12E-06
4.80E-07
3.38E-05
1.99E-09
1.53E-1O
8.IIE-04
2.07E-05
.12E-08
.59E-05
.19E-04
:1.87E-03
I.02E-06
I.19E-06
<5.76E-O3
.15E-03
I.01E-03
I.26E-03
.03E-04
6.09E-08
3.04E-04
I.O3E-O5
1.99E-09
3.30E-07
I.28E-07
9.74E-08

1.27E-07
1.22E-05
5.24E-06
1.01E-04
1.66E-08
3.94E-09
3.07E-03
7.81E-05
5.50E-08
1.49E-04
I.25E-03
7.29E-02
1.05E-05
4.25E-06
2.03E-02
3.46E-03
6.32E-03
5.98E-03
1.06E-03
5.84E-07
1.20E-03
1.12E-04
1.66E-08
1.15E-06
4.95E-07
7.48E-07

1.01E-06
1.08E-04
4.63E-05
2.99E-04
1.6SE-07
S.86E-08
1.37E-02
3.05E-04
2.95E-07
1.41E-03
1.07E-02
3.24E-01
8.97E-05
2.00E-05
5.98E-02
1.02E-02
2.38E-02
2.47E-02
9.00E-03
4.90E-06
3.74E-03
9.93E-04
1.6SE-07
4.09E-06
1.79E-06
5.53E-06

c

9. HUMAN PERFORMANCE
ASSESSMENT

9. Human Performance Assessment
9.1 Overview
The evaluation of human reliability is an indispensable element of the PSA process. Human
errors and human solutions are a vital part of nuclear plant operation and accident response.
However, these human factors must be evaluated within the same context as all other elements of
a PSA. It is, for example, incompatible with the goals of the PSA process to expend substantial
time, effort, and funding on very detailed analytical models for selected operator actions while
giving relatively cursory treatment to other factors that could be of equal or greater importance to
overall plant risk.
While it may be true that human behavior is not as statistically predictable as rolling dice, it is
also true that the probabilistic framework of PSA acknowledges that all data are uncertain and
rigorously accounts for these uncertainties. Lack of directly relevant experience and statistical
evidence does not preclude a fundamental understanding of the motivations, physical and
psychological factors, and external constraints that would most strongly influence human
response in a specific situation.
The goals for human reliability analysis in a PSA are the same as those for all other levels of
analysis in the study. The modeling methodology should provide sufficient detail to identify,
understand, and document important factors that affect human performance in each plant
response scenario. The evaluation methodology should ensure that the range of human error
rates assigned for a variety of related and unrelated activities is internally self-consistent; i.e.,
that error rates for more difficult activities are consistent and compatible with error rates for
simpler actions. The methodology should also ensure that the numerical estimates for these error
rates are consistent with available data, observed human behavior, expert judgment, and the
results from other studies of similar activities. The methodology should also identify and display
the inherent uncertainties in these estimates.
Three general types of human actions are evaluated in this study. The first type of action
involves restoring a component or flow path to normal after the completion of testing,
inspection, or maintenance activities. These system-specific activities are routinely performed
by one or more individuals as part of his normal workday duties. They are not directly related to
operator actions or equipment response during a plant transient, although errors in the
performance of these actions may leave important equipment disabled and require recovery
actions to restore it to service during an accident. These routine testing, maintenance, and
surveillance actions are evaluated separately and incorporated into each system analysis as
specific causes for equipment operability. The number of such actions incorporated in the
current models is limited, consistent with the level of detail in the systems models. These types
of human actions, if modeled for a system, are described in the respective system analysis.
The second type of human actions evaluated is called dynamic actions. Dynamic human actions
are an integral part of the plant response to an initiating event. The operators must accomplish
well-defined tasks for manual initiation, control, and alignment of plant emergency equipment or
selected backup systems. These tasks are generally guided by the plant emergency response
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procedures and instructions but can also be guided by operator experience and training. The
available time window for successful response, the type of action that must be taken, and other
factors that influence operator stress and confusion are determined by the type of event being
evaluated and all preceding actions during a specific scenario. These actions are incorporated as
distinct decision points into the plant response event tree models.
The third type of action evaluated in the study can also be termed "dynamic actions." These
actions involve recovery from unexpected failures that completely or partially disable automatic
system response during a plant transient. Recovery actions are functionally similar to many of
the actions evaluated directly in the event trees. However, most actions classified in this study as
recovery actions are not as well documented in the plant emergency response procedures and
instructions as the second type of action described above. There is also a practical consideration
for including an action in the recovery category. Because the focus of PSA is a "top-down"
approach for evaluating contributors to plant risk, recovery actions are generally evaluated only
for potentially risk-sensitive plant response scenarios. The other actions described before are
analyzed for all event sequences, regardless of their significance to the overall study results.
Thus, detailed analyses can be developed for specific recovery actions in very specialized plant
response event sequences without undue expenditure of time or resources to evaluate similar
actions for unimportant scenarios.
The electric power recovery model is handled as a special case because of its importance to
overall plant risk, as evaluated in past PSA studies. The electric power recovery model is
described in Section 9.5.
Before presenting detailed quantitative results, it is desirable to describe the human actions
analysis methodology used in this study. The methodology developed and used in evaluating the
dynamic human actions in the event sequences and the recovery actions in this study is believed
to be a significant improvement over previous methodologies by providing a greater degree of
traceability to basic factors affecting human performance. This methodology is described in
Section 9.2.

9.2 Dynamic Operator Action Analysis Methodology
Dynamic operator action, operator responses after an initiating event, and recovery actions are
evaluated in this study using an adaptation of the success likelihood index methodology (SLIM)
(Reference 9-1) that is specifically developed to provide consistent assessments and detailed
documentation for these dynamic activities.
The analysis of human actions takes on a substantially different nature after a plant initiating
event occurs. The operators are required to make active decisions and take appropriate actions in
response to a complex series of stimuli. These cues may result from complicated sequences of
events that are often beyond normal expectations and experience. At any single decision point in
the plant event sequence models, the "success criteria" and "boundary conditions" for operator
responses are well defined. The operators must complete a directed activity within a specified
period of time to avoid a particular set of consequences. However, these actions cannot be
simply extracted from the plant model and evaluated in isolation in the same manner as for a
piece of plant hardware. The operators interact with the plant as a whole. Their immediate
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responses are strongly influenced by their cumulative experience, which most importantly
includes the specific events leading directly to the problem at hand. This is especially true if
these events are the product of their own actions or unanticipated actions of others. Therefore,
none of the operator actions modeled in the plant event trees or in the event sequence recovery
analyses can be realistically evaluated outside the specific context of their preceding event
scenarios.
The first challenge faced by the human factors analyst is to understand clearly, completely, and
accurately all aspects of each operator response scenario being evaluated. It is essential that the
scenarios be characterized from the operators' perspective so that the analyst can understand
important conditions that may influence their ultimate likelihood for success or failure. In some
cases, these conditions may lead the operators to take the correct actions without applying
reasoned, logical problem-solving techniques. In other cases, sensory preconditioning from
preceding events may effectively make successful response impossible, even though the problem
and its solution may be "obvious" to an unbiased third-party observer.
The methodology used in this study emphasizes an integrated perspective of the entire plant
response scenario to define each required operator action. This methodology communicates the
analysts' understanding of these scenarios through qualitative summary descriptions of all
relevant information that could affect operator performance. This emphasis is based on the
recognition that most actions evaluated in these models occur during situations that are beyond
direct experience and relevant statistical data. Therefore, most practical estimates of human error
rates are strongly influenced by the experience and judgment of the experts performing the
analysis. It is essential that these experts base their evaluations on the most complete and
accurate descriptive information available.
PLG has adopted an application of SLIM to quantify the event-level dynamic operator actions in
the plant response model of a PSA. It is based on the assumption that the human error rate in a
particular situation depends on the combined effects of a relatively small set of
performance-shaping factors that influence the operators' ability to perform the action
successfully. Seven performance-shaping factors have been selected to span the range of
problems that the operators face. They are chosen to relate the impact of:
•

The scenario in which the action must be accomplished. These include plant/operator
interface and indications from instrumentation; adequacy of time to accomplish the
action; preceding and concurrent action; and the complexity of the task.

•

The psychological and cognitive condition of the operators during the scenario. This
includes stress; training and experience relative to the action; procedures or other
operational aids available to the operators; and their performance up to the current point
in the scenario.

An operator response form has been developed to document the factors affecting operator
performance. This form provides a qualitative assessment of the problems that the operator will
face while accomplishing the action. It forms the basis for the quantitative evaluation described
below.
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The quantitative evaluation of the human error rate is accomplished by assessment teams of
operators and PSA team members who rank the performance-shaping factors against two criteria:
•

Relative importance (or weight) of the effect of each performance-shaping factor on the
likelihood of the success of the action.

•

Degree to which the performance-shaping factor helps or hinders the operator in the
performance of the action.

The cornerstone of success likelihood index methodology is the assumption that the expert
judges can evaluate the weight of a performance-shaping factor independently of how much it
helps or hinders the action.
To provide the capability to rank the failure contribution of individual performance-shaping
factors, dynamic human actions are evaluated in the failure space; that is, an increasing
numerical value of the index corresponds to an increasing likelihood of failure. The failure
likelihood index (FLI) for an operator action is obtained by multiplying the weight of each
performance-shaping factor, wi? by the rating, ri5 of its contribution to the failure of the action,
then adding the products of the performance-shaping factors that affect the action, as shown in
Equation (9.1). With this formulation, the product of each individual performance-shaping
factor and its weight, w; ri5 is a direct measure of the relative contribution of that
performance-shaping factor to the likelihood of failure of the action.
i

FLI^
The FLI of an action is often assumed to bear a logarithmic relationship to the expected human
error rate in the following form:
Log (Human Error Rate) = a * FLI + b

(9.2)

The constants of the equation are usually obtained by a least squares curve fit to the FLIs of a set
of calibration tasks that are rated in the same manner. These tasks have "known" or "accepted"
values of the human error rate. Ideally, these calibration tasks would be selected from a library
of human response scenarios for which observations of actual experience data are available to
document the associated human error rates.
Unfortunately, realistic data are virtually nonexistent for observed human performance during
the types of event scenarios modeled in a modern PSA. Industry-sponsored studies have
collected data from a limited set of controlled simulator experiments that monitor operator
performance during selected plant transients. These data are still meager, however, and have not
yet been published. The impact of the lack of relevant experience data is that the calibration
tasks are usually selected from a set of well-documented analyses of comparable human action
scenarios from other nuclear plant PSAs. However, for this study, use is also made of human
response data collected from events that occurred at pressurized water reactors in the U.S. during
shutdown conditions as described in the following sections.
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The success likelihood index methodology has the following advantages:
•

It provides an organized method of eliciting the estimates of expert judges who are most
familiar with the problems of accomplishing the actions.

•

It provides a mechanism by which human error rates can be estimated within the context
of the scenarios in which they will be performed.

•

The step-by-step documentation of the consensus process makes the estimates scrutable
and provides feedback for improving operator training and procedures.

In other words, success likelihood index methodology (or FLIM in failure space) can both
qualitatively and quantitatively represent the problems that the operators face in the context of
the scenario in which they must function.
The PLG adaptation of the success likelihood index methodology has resulted in a set of forms
and instructions to explain and expand on the procedure proposed in Reference 9-1. This enables
its consistent application on a long-term basis and provides the flexibility to update error rate
estimates as additional data and insight into operator actions are gained. A description of these
steps follows.
1. Select operator actions for quantification by reviewing the plant event sequence diagrams
and event trees to identify operator actions that impact plant risk. This process generally
follows the methodology outlined in Steps 1 and 2 of SHARP (Reference 9-2). The
definition of operator actions must consider the failure criteria for the specific scenario in
which the action takes place. The HIFAR event sequence diagrams described in
Section 5 were used for this purpose.
2. If possible, observe the selected operator actions in a plant environment; e.g., during
simulator training sessions. This will give the human actions analysts the proper
orientation and framework within which to evaluate plant-specific human actions by
giving them a better sense of the timing and complexity associated with the selected
human actions. This step was not possible for HIFAR, since there is no simulator.
3. Select a set of performance-shaping factors that includes all important factors that affect
the operators' actions, but that can be addressed independently. The following seven
cover most of the scenarios that the operator is expected to encounter. However, other
performance-shaping factors may be used if warranted by the situation. This standard set
of seven performance-shaping factors were used for HIFAR.
a.
b.
c.
d.
e.
f.
g.

Plant Interface and Indications of Conditions
Significant Preceding and Concurrent Actions
Task Complexity
Procedural Guidance
Training and Experience
Adequacy of Time to Accomplish Action
Stress
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4. Describe each significant action on a scenario sheet designed to systematically lay out the
context of the action, the cognitive tasks required to accomplish it, and those factors that
influence the operators' ability to successfully accomplish it. This step is very similar to
Step 3 of SHARP. Action specific sheets were developed for all of the HIFAR dynamic
actions. These are provided in Appendix E.
These forms are most effective when they can be completed with active interaction from
at least one senior reactor operator at the plant being modeled. The intent of the form is
to accurately relate the problems that the operators are expected to face if an accident
scenario progresses to the point at which manual intervention is required. Completing
this form requires some expert judgment and/or thermal-hydraulics analysis to determine
approximate time windows for. successful action within specific event sequences. The
forms may be updated throughout the evaluation to reflect the insights of the evaluation
teams. They improve the scrutability of the rating and can also provide preliminary
suggestions for improving either the procedures, training, or plant design. The
descriptions document the PSA analysts' understanding of how each event scenario will
progress, and they provide a consistent set of input information to be used during the
expert evaluations of these scenarios.
For HIFAR, the thermal-hydraulics analysis results documented in Appendix D were
used to determine the times available for each action. Discussions on the selected actions
were held with a Duty Officer Engineer (DOE) and a Duty Reactor Shift Superintendent
(DRSS). However, due to constraints on time and personnel availability, not every action
selected could be reviewed in this way. The rankings and weights assigned to the
performance-shaping factors for the selected actions were, in the end, selected by the
PSA study team. Careful consideration of the input and preliminary rankings of selected
actions by the DOE and DRSS was made in assigning the final rankings and weightings.
5. Establish assessment teams of operators and representatives from the PSA team to
quantitatively evaluate the actions. It is desirable to include input from experts who have
a broad range of understanding about the plant, the PSA model, and operator
performance. Therefore, an optimum selection of teams would include one team from
each control room operating crew, at least one team of training personnel from the plant
simulator, and at least one team from the PSA analysis group. To make the process
effective, the operators must understand that they are not being evaluated. Rather, the
assessment is their opportunity to communicate the problems they face and to provide
suggestions for improving their ability to respond to the situation. For HIFAR, the
rankings and weightings were assigned by the PSA study team after such discussions
with a DOE and a DRSS.
6. Rate the performance-shaping factors for each human action split fraction. A set of
descriptive scaling guides has been established for each performance-shaping factor and
is listed in Table 9-1. This table is used as a reference to assist experts with different
backgrounds in maintaining a consistent rating basis. It is important for each expert to
understand that the descriptions for specific numerical rating factors are not to be
interpreted too literally. They simply provide a consistent focal point for each evaluation
team. During the evaluation process, each evaluation team will usually reach an internal
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consensus about the relationship among the rating factors after they have applied the
guidelines to rate a few human actions.
The descriptors on each scale are positioned to conform with the following general
quantitative guidance for performance-shaping factor ratings:
a. A "0" corresponds to this performance-shaping factor being "optimum" for assisting
the operator team to accomplish the action in question.
b. A "5" corresponds to conditions that neither significantly help nor hinder the
performance of the action.
c. A "10" corresponds to a condition when this performance-shaping factor is hindering
the performance of the action to the greatest extent possible.
Disagreements and assumptions in arriving at a consensus are accounted for in the
"Comments" section of the form.
When the ratings of the actions have been completed, they should be compared for
consistency. Since human error rates will be calculated on the basis of these relative
ratings, this review and update are essential.
7. During the rating process, each evaluator also assigns a weighting factor (ws) to each
performance-shaping factor. These factors assess the relative importance of the
performance-shaping factor in determining the operators' ability to accomplish the
desired action. The weights are assigned on a broad relative scale according to the
following general guidelines:
a. An "H" indicates that the performance-shaping factor is very important in
determining operator response during the specified action scenario.
b. An "M" indicates that the performance-shaping factor is of average importance in
determining operator response during the specified action scenario.
c. An "L" indicates that the performance-shaping factor is not important or has no effect
in determining operator response during the specified action scenario.
It is important for the evaluation teams to understand that the assignment of weights is an
essential part of the evaluation process, and is just as important as the numerical
performance-shaping factor rating factors. It is also important for the experts to
understand that the weights and the rating factors are independent assessments of each
performance-shaping factor.
During the numerical evaluation process, a weight of "H" is assigned a relative
importance of twice the weight of "M." A weight of "L" is assigned an importance of
zero; i.e., the rating factor for a performance-shaping factor with weight "L" or "0" is not
included in the numerical index calculation in Equation (9.1). Once the relative
performance-shaping factor weights are established for each action, they are normalized
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so that they sum to 1. Therefore, if all factors are rated "H" or "10," the final FLI score is
the same as if they were all weighted "5" or "M."
8. Classify operator actions into groups so that actions having similar performance-shaping
factor weights can be quantified together. The performance-shaping factors in different
groups will have different normalized weights. However, within each group, only one set
of normalized weights that is representative of the entire group will be used. This set can
be obtained by averaging the weight of each performance-shaping factor over the group
or by reevaluating the performance-shaping factors considering the group as a whole.
Examples of action groupings might be:
a. Actions for which training and plant indications dominate, such as manual control of
plant parameters.
b. Actions for which time and preceding actions are most important.
c. Actions for which stress, procedures, and preceding actions dominate.
d. Recovery actions for which the training and experience of the operators to diagnose
the problem and choose an acceptable course of action, the complexity of the action,
and the time available are important.
For HIFAR, the actions were not grouped for quantification. Instead, the calibration
tasks were used as input to the quantification of all actions. In this process, the
calibration task FLIs and mean error rates were first plotted on one figure; i.e.,
Figure 9-1. An upper and lower bound curve were then judgmentally fit to the points on
the figure. Some extrapolation to FLI scores less than 2 was required, but in actual
application to HIFAR, no mean error rates less than 4 x 10"4 were used. The final human
error rates were assigned judgmentally rather than trying to formalize a correlation
between human error rates and the FLI for each group of actions. A range of possible
error rates as a function of the FLI scores was first produced and the error rates finally
assigned fall within the developed range.
9. Choose calibration tasks for each group of actions. Because actual experience data are
quite sparse for estimating human error rates in most PSA event scenarios, calibration
tasks are usually selected from human error rates determined in PSAs of other nuclear
power plants. Additional calibration points can be obtained from best and worst case
estimates of the influence of the performance-shaping factors on the group of actions
being quantified.
For HIFAR, the calibration tasks were selected from previously completed PSAs known
to have been widely reviewed and accepted, and from interpretations of actual experience
data from nuclear power plants in the U.S.
10. Calculate the FLI and the point estimate human error rates using a spreadsheet program
that implements Equations (9.1) and (9.2). For each human action analyzed, the FLI is
calculated by multiplying the weight of each performance-shaping factor by the rating of
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its contribution and adding the products. The FLI developed for each operator action
represents the consensus of the study team on the particular human action split fraction.
For HIFAR, Equation (9.2) was not used to assign error rates to actions in each group.
Instead, these error rates were assigned judgmentally using the computed range of human
errors rates from the selected calibration tasks for the FLI scores for each action. In
exercising this judgment, the analyst used error rates toward the low end if the actions
were well practiced. If dependencies between actions were relevant, error rates above the
midpoint of the range were selected. For most actions, the error rates at the midpoint
were chosen.
11. Two sources of uncertainty in the human error rate estimates are often quantified:
a. Within each evaluation team, there is usually some uncertainty about the assignment
of individual performance-shaping factor rating factors.
b. Variability among the expert evaluation teams is usually a more important source of
uncertainty.
For HIFAR, only the study team estimates of the action ratings and weighting were available.
Therefore, the above sources of uncertainty could not be readily described. However, during the
assignment of ratings and weightings for these actions, the study team qualitatively noted its
uncertainty in the assignments. These qualitative assessments were then used to judgmentally
assign range factors in the assumed lognormal uncertainty distribution for each action's error
rate. In the absence of any action specific assessment, the range factors (i.e., the ratio of the
square root of the 95th percentile/5th percentile) were assigned based on the estimated mean
error rate as defined below.
Range of Mean
0.1 - 1.0
.01-0.1
.001-0.01
Less than 0.001

Assumed Range Factor
3
5
7.5
10

This section has described PLG's application of a SLIM-based methodology for quantifying
dynamic scenario-related human actions for use in a PSA. The application has been structured to
make the assumptions, bases, and calculations leading to the quantitative evaluation both
scrutable and useful for risk management applications. The modifications to this basic approach
as it was applied to HIFAR are also described.
Before implementing the described methodology, the study team reviewed the available
information on HIFAR plant operations. The findings of this review formed part of the basis for
the action evaluations and are presented in the next section.
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9.3 HIFAR Operations
9.3.1 Staffing
Section 5.1 of the OL&Cs (Reference 9-3) specifies the required number of staff required to be
present during operation of HIFAR. The requirements are a function of the plant operating state.
Requirements are specified for two conditions: (1) when the reactor is at power and (2) when a
core change or power raise is in progress. The staffing requirements are more stringent for the
latter state.
When the reactor is at power, HIFAR OL&Cs specify that three duty staff are required. These
must include at least one DRSS or a DOE, and at least one of the other two must be an
authorized operator. Two of the three staff must be in the reactor control room (RCR) and at
least one of these two must be an authorized operator. Also, one of the staff must be assigned
responsibility for the plant outside the RCB. This person must also be an authorized operator. In
addition, the DOE or Duty Officer (DO) must be onsite, or at least nearby in Stevens Hall.
Stevens Hall is located just outside the LHRL main gate.
During power raises or when the core configuration changes, the above requirements also apply.
In addition, there must then be at least three duty staff in the RCR, one of whom must be the
DOE or DO.
HIFAR policy is to always have three licensed reactor operators, a DRSS, and a DOE or DO
onsite at all times. Each of these positions is discussed briefly below.
The reactor operators are responsible to the DRSS. One of the three licensed reactor operators is
assigned responsibility for the plant outside the RCB. He is always stationed outside the RCB.
He communicates with the RCR by mobile phone and the PA/ABS system. This operator would
be first to man the emergency control room (ECR).
A second reactor operator is assigned to the RCR desk. This operator handles communications
with the active handling crew. A third reactor operator is referred to as the rig tech. The third
operator may be inside or outside the RCR depending on the ongoing activities. He is also
responsible for the power unloads, rigs X33 and X34, and the silicon rigs.
The DRSS's desk is located just outside the RCR. The DRSS is responsible to the DOE for
normal operation of the reactor and for all log book entries. He is responsible for the routine
day-to-day activities at the plant. In the absence of the DOE, the DRSS assumes control of
HIFAR with all of the duties and responsibilities of the DOE. If an accident situation develops,
he summons the DOE or DO who then takes charge of the plant response.
The DOE is in charge of the entire HIFAR area and the 28-day reactor operating program. He is
an accredited engineer who must ensure that HIFAR operates within power limits and in an
efficient and safe manner. He is also responsible for determining the reactor critical angle and
for startups. In the event of an inadvertent reactor trip, he must explain the trip cause and, if
possible, rectify it prior to restart of the reactor. If not possible to rectify, the DOE or DO must
satisfy himself that it is safe to operate before the reactor is started up. He must also ensure that
the instrument indications are consistent with the existing situation.
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The DOE must be present in the RCR for startup and fuel changes but usually works just a
normal workday. He is onsite during daylight hours between 8:30 a.m. and 5 p.m., but is usually
outside the RCB. In the event of an accident, he is responsible for classification of the accident.
The DO is in charge of HIFAR when the DOE is not present. He acts as the DOE during silent
hours; i.e., after 5 p.m., before 8:30 a.m., and all day during weekends and holidays. A DO is
always onsite. In the evening hours, he may be present at Stevens Hall and accessible to the
control room crew by mobile phone.
In the event of an extended accident, eventually the Head HIFAR Operations Section (HHOS),
the manager of HIFAR, assumes command. The HHOS is an accredited DO and DOE. The
HHOS is to be consulted by the DOE before initiating RAT flooding.
Radiation monitoring is provided by redundant instruments at HIFAR. During daylight hours,
health physicists are available onsite. However, 24-hour coverage is not provided at HIFAR.
For major shutdowns, the normal complement of three ROs plus the DRSS may be reduced by
one or two persons. Once the fuel is removed from the reactor and heavy water is drained from
the RAT into the main heavy water storage tank, the DOE/DO may also be taken off shift.
The five people on normal shift (i.e., three ROs, the DRSS, and the DO) are on duty 5 out of
6 weeks. One shift crew is always on spare. The DOEs are rotated each program. The shift
spends every sixth week in training. However, because of vacations, each member of the shift
crew spends a spare weeks about 1 out of every 12 weeks in training.
The DO also leads the training of the shift crew. Every Tuesday, the DO conducts an emergency
exercise with the spare crew during lunch. This exercise consists of a talk through of a selected
accident sequence. Because each shift crew is on spare every 6 weeks, each crew member is
therefore exposed to an emergency exercise every 6 weeks. There is no control room simulator
for HIFAR.
9.3.2 HIFAR Operating Manual
The operations of HIFAR are governed by the HIFAR Operating Manual (HOM). Key
procedures and instructions used to determine the actions in the event of an accident are listed in
Table 9-2. At the time of this study, numerous additional instructions were being prepared.
Those available in draft form are also listed in Table 9-2. The incident instructions are
eventually intended to be referenced from HOM Section 25; i.e., "Accident Control." To be
completed but not yet available in draft form are selected other instructions. These include
Instructions for Loss of Flow and Instructions for Reactor Power Transients. These instructions
were not available in draft form for use in this assessment.
Some observations on the existing procedures and instructions are now offered. These
observations are consistent with a self assessment performed by ANSTO in 1991; i.e.,
Reference 9-4. Much of the HOM procedures and incident instructions deal with the emergency
action phase but do not explicitly cover the diagnosis, mitigation, and recovery phases of an
accident. Subtasks with each procedure and instruction are identified but not assigned to specific
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persons. The emergency procedures and instructions often provide substantial room for
interpretation by the operators for key actions; e.g., evacuation from the RCB, when to arm RAT
flooding, when to manually seal the RCB, and when to initiate plant room flooding.
The procedures and incident instructions for HIFAR would not be routinely and systematically
consulted by plant operations staff in the event of an accident. This is in contrast to power
reactors that the study team is familiar with. In the event of an accident at a power reactor, the
procedures are to be read out loud and the other members of the control room crew cued to act
accordingly. At HIFAR, reliance is placed on the control room crew's prior training and
knowledge of the plant to effect the desired response to disturbances.
The procedures and incident instructions are currently being revised. Only the available
procedures and instructions listed in Table 9-4 were used in the PSA.
Discussions with two individuals at HIFAR qualified and regularly serving as a DOE and a
DRSS contributed to the study team's understanding of the likely operator responses. While
these discussions primarily focused on specific sequences, the following general principles were
also established.
Concerning how radiation levels may affect operator actions:
1. Once any fuel damage occurs, no actions from inside the RCB are credited (arming of the
RAT flooding system is precluded). Rapid RCB evacuation is assumed and radiation
levels are expected to exceed 500 mSv per hour.
2. Once fuel damage occurs, actions outside the emergency control room are also not
credited, regardless of the containment isolation or filtration status. Recall that the RCB
walls are relatively thin. Even with the RCB isolated, gamma radiation from within
would preclude any actions in the outside vicinity of the RCB.
3. If there is no fuel damage but a leak causes RAT level to fall below L2, then no credit is
assumed for subsequent isolation of the leak. Once RAT level falls to L2, RCB
evacuation is assumed. There may still be time for arming the RAT flooding system
prior to evacuation. Radiation levels within the RCB are assumed to be between 1 and
500 msv per hour. Actions outside the RCB and ECR are permitted if the containment is
isolated or if all releases are filtered.
If RAT level reaches LI and continues to fall, RCB evacuation is assumed to be initiated
by the operating crew as a discretionary decision; i.e., before Level L2 where it is
required by procedures.
4. If there is no fuel damage, and any heavy water leaks to the plant room or outside the
plant room occur at rates that still permit the RAT level to always be greater than
Level LI, even without scavenger pump flow, then the operators would remain inside the
RCB. Radiation levels are expected to be < 0.5 mSv per hour. All recovery actions
within the RCB are still possible. Actions outside the RCB and the ECR are also
permitted; e.g., to initiate plant room flooding.
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5. The DO is very likely to be summoned and report to the RCR within the first 30 minutes,
and often within 5 minutes in the event of an accident.

9.4 Dynamic Human Actions in Event Sequences
The study team evaluated more than 50 dynamic actions for incorporation of their error rates into
the system models and the event sequence models. An example of the action form completed for
each action is shown in Table 9-3. These forms were completed by initial discussions between
the study team and an individual qualified as a DOE for HIFAR, discussions with the study team
systems analysts, and follow-up discussions with a qualified DRSS and a DOE for HIFAR. The
available recovery times indicated in the forms were determined primarily using the
thermal-hydraulics analysis documented in Appendix D with some additional expert judgment
Table 9-4 provides a summary description of the human actions analyzed. The times assumed
available for success of each action are also presented. The final FLI scores and the mean human
error rates used in the sequence quantifications are also listed for each action. The FLI scores
were based on the ranking and weighting factors assigned to each performance-shaping factor for
each action. These performance-shaping factor assignments are presented in Appendix E.
In some approaches to evaluating human performance, a larger list of potential hum actions is
first defined. Then, screening techniques employing conservative error estimates are used to
identify only the most risk significant actions for detailed analysis. This approach was not
followed in the current study. Instead, only actions judged to feasibly be accomplished were
defined. All others were not credited, and effectively assigned error rates of 1.0. The actions
selected were all evaluated to the same level of detail. After the initial sequence quantification,
the highest frequency sequences were reviewed to ensure that no additional actions or recoveries
should be included.
The mean human error rates were judgmentally assigned based on the individual action FLI
scores with several calibration tasks used as a guide. The calibration tasks are summarized in
Table 9-5. The calibrations tasks are taken from two sources.
One source comes from a review of pressurized water reactor experience in the U.S.
(Reference 9-5). These calibration tasks were derived from a review of pressurized water reactor
experience during shutdown conditions through 1988. Shutdown conditions in a PWR are
judged more applicable to HIFAR's lower energy system, than PWR power operation conditions
would be. This review covered 292 events. Essentially, every event involved at least one
operator action to effect recovery. In Reference 9-5 performed by the same analyst as for
HIFAR, these calibration actions were also evaluated against the same seven
performance-shaping factors adopted for HIFAR. The FLI scores for the calibration tasks were
computed in the same way as described above for the HIFAR actions; i.e., using Equation (9.1).
The computed FLI scores and assigned mean human error rates for these calibration tasks are
presented in Table 9-5.
A second source of calibration tasks are those actions quantified in other studies. These tasks are
less desirable than those derived directly from experience data but are still representative of
industry practice. Two such previous studies were considered. One is the Individual Plant
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Examination (IPE) for the Beaver Valley Unit 2 pressurized water reactor near Pittsburgh in the
U.S. (Reference 9-6). This study was selected because it used a similar approach to human error
rate quantification as followed here (i.e., the modified SLIM approach) and the study team is
familiar with the plant and the study in which the actions were evaluated. Three actions from
that study were selected, as noted in Table 9-5. These particular actions were selected because
they are very similar to three actions evaluated in a separate PSA performed for the U.S. Nuclear
Regulatory Commission for the Surry Unit 1 plant (Reference 9-7). Surry is a very similar sister
plant of Beaver Valley Unit 2.
Other sources of error rates referenced in the literature were derived from simulator rather than
actual plant experience under emergency conditions.
Figure 9-1 shows the mean error rates for the calibration tasks presented in Table 9-5 plotted
versus their assessed FLI scores. The error rates for the corresponding actions in References 9-6
and 9-7 are also plotted. The same FLI scores were used for the like pairs of actions. The spread
in the previously estimated error rates for similar FLI scores is judged to be representative of the
uncertainties in this process. The superimposed upper and lower curves in Figure 9-1 define a
range of error rates for each FLI score. For this study, the assigned mean error rates selected for
actions at HIF AR are all chosen to lie within this range. The basis for choosing the uncertainty
distributions assigned to go along with the mean values was presented earlier. The final
uncertainty distributions were selected to adequately represent not only the uncertainty in the
correlation between FLI score and mean error rates but also the uncertainty in the derivation of
the FLI score itself.
The human error rate mean values and the associated lognormal range factors selected for each
action were input to the data analysis module of RISKMAN to describe the complete uncertainty
distribution for each error rate. The final human error rate distributions are shown in Table 9-6.
The characteristic values of the human error rate distributions (namely, the mean, 5th percentile,
median, and 95th percentiles) are presented.

9.5 Electric Power Recovery Analysis
The electric power systems analysis discussed in Section 7 evaluates automatic startup and
operation of the onsite emergency diesel generators following a loss of offsite power. A nominal
operating mission time of 24 hours is used to quantify the unavailability of onsite power before
the application of a detailed electric power recovery model.
The analysis in this section considers an integrated 24-hour power failure and recovery model
that evaluates the electric power system response after loss of offsite power initiating events.
9.5.1 Integrated Model for Electric Power Failure and Recovery
A realistic model for the recovery of electric power during any specific event scenario must
account for the causes and timing of the power failure events, the sequencing of failures and
recovery actions, and the available time window for success before the onset of damage.
Equipment failures and recovery can occur at any time during the 24-hour study period after
event initiation. Thus, a time-integrated model for failures and recovery actions is necessary to
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assess the effect of diverse failure causes and to model corresponding responses that start at
different times after event initiation and that require different amounts of time to complete.
In general, the unavailability of power for periods of time longer than x hours during the 24-hour
period after a loss of off site power initiating event can be calculated from the following
expression:

J

(

(9.3)

)t

where
Q,(T)

= unavailability of power for longer than x hours during the 24-hour period after a
loss of offsite power initiating event at time t = 0.

(>
| f (t)

= frequency of power failure between times t and t + dt.

<|>R(t + T) = frequency of power recovery failure within T hours after its failure at time t.
An electric power recovery factor can then be expressed as:

(9.4)

3

j <l>f(t)dt
This factor is simply the unavailability of power after accounting for possible recovery actions
within a time window oft hours [Equation (9.3)], divided by the baseline unavailability of the
HIFAR electric power supply system diesels during the nominal 24-hour mission time before
recovery is included in the model.
The above expressions are rigorous and accurate. However, they are cumbersome to implement
when uncertainties are included. For the current assessment, some substantial approximations
are instead made as described below.
First, instead of 24 hours, it is assumed that the mission time for the onsite emergency diesel
generators is only 6 hours rather than 24 hours. Experience from PSA models for other plants
has shown that when time-dependent models of onsite power failure and recovery are considered
rigorously using Equations (9.3) and (9.4), the results can be conservatively approximated (i.e.,
the recovery factors are still less than 1.0) using a diesel generator mission time of 6 hours, if no
credit is assumed for recovery of the diesels nor the time-dependent nature of their failure.
This is the approach adopted for HIFAR. When considering electric power recovery, the mission
time for the diesels is just 6 hours rather than 24 hours, but no further credit is taken for recovery
of the diesels. With these assumptions, Equation (9.3) simplifies dramatically. All onsite
failures are assumed to occur at time zero, coincident with the loss of offsite power. Since no
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further credit is assumed for recovery of the diesels, the problem reduces to finding the
nonrecovery frequency for offsite power for different times after the event.
Three times are of interest for recovery of power from station blackout conditions. One is
40 minutes (i.e., for action HORED2), the time available for recovery of power to the site before
bulk heavy water temperatures exceed 70°C. This time is applicable for events initiating from
power operation (see Appendix D).
The second time of interest is 5 hours; i.e., for action HORF1. This is the time to exceed bulk
heavy water temperatures of 70°C assuming 24 hours of prior cooling since plant shutdown.
This time is applicable after some period of fuel cooling when the plant is shutdown. The
estimated time available before bulk water boiling in the No. 1 Storage Block occurs assuming a
total loss of all forced cooling is 7 to 8 hours depending on the time of the accident after plant
trip. Recovery prior to this time can be conservatively represented by the electric power
nonrecovery number for 5 hours, so additional calculations are required.
For each of these cases, there is additional time available before fuel damage, usually
substantially more time. However, after bulk heavy water temperatures exceed 70°C, recovery
of forced fuel cooling is precluded. This then determines the limiting times for recovery of
power to the systems that provide forced cooling. After these times, RAT flooding mains water
may be initiated or aligned to effect fuel cooling.
A third time of 2.6 hours was selected for evaluation for use in a sensitivity study. This time is
the computed time for the bulk heavy water temperature to reach 100°C assuming loss of forced
cooling from full power. This time would be of interest if the forced cooling systems could
operate at 100°C instead of 70°C, as assumed in the base model.
9.5.2 Offsite Power Recovery
A loss of offsite power event is defined for this study as coincident failure of all AC power to
substation No. 1. Numerous momentary losses of offsite power (often referred to as "power
blips" in the HIFAR abnormal occurrence reports) have occurred at HIFAR. For the most part,
these power losses are only long enough to cause a plant trip but are not long enough to impact
plant forced cooling systems. These power blips are not considered further for offsite power
recovery and are not counted toward the offsite power initiating event frequency. They are
instead considered as a separate cause of plant trip.
Estimates of offsite power nonrecovery probabilities with time after loss have been made for
large nuclear power plants in the U.S. (Reference 9-8). HIFAR has two connections to the grid
separated geographically but does not feed the grid any electric power.
For HIFAR, the study team adapted the electric power nonrecovery curves for grid-centered
causes from Reference 9-8. Figure 21 of Reference 9-8 presents a Weibul fit to available
nonrecovery data in the U.S. This figure is repeated here as Figure 9-2. These curves are for
losses of offsite power at nuclear power plants due to grid-centered causes only.
Uncertainty distributions for nonrecovery were developed for three times after offsite power is
lost; i.e., 40 minutes, 2.6 hours, and 5 hours. The uncertainties reflected in these curves are used
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to define prior distributions; i.e., a separate distribution for each recovery time. Beta
distributions were assumed as the form of the priors. The distributions were chosen so that they
have roughly the same means and 95% values as those indicated in Figure 9-2. No attempt was
made to develop complete curves for all recovery times. Just the three recovery times were
considered.
Experience at HIFAR reveals that since 1981, there have been four events resulting in a loss of
offsite power; i.e., AOR numbers 727 (2 hours,20 minutes), 577 (unknown but estimated as less
than 30 minutes), 453 (45 minutes), and 403 (1 hour, 9 minutes). These recovery times are
assumed to include the time until restoration of power to the reactor equipment. The recovery
times for HIFAR are consistent with those found for commercial nuclear power plants in the
U.S. This data was included in the analysis by performing Bayesian updates of the assumed beta
distribution priors. Bayesian updates for 3 of 4, 0 of 4, and 0 of 4 nonrecovery events at HIFAR
were made to specialize the three prior distributions to HIFAR.
The results of the Bayesian update are shown in Table 9-6 along with the error rates for the
dynamic actions.

9.6 Misalignment Errors
The potential for human error contributions to system unavailability only exist for standby
systems such as the ECCS. Such human errors include failure to restore the system to operable
status after maintenance or testing of the system. Such errors are not credible for normally
operating systems since any such errors will be detected when the system is put into operation.
Systems of a fail-safe design are also generally not susceptible to this type of human error.
The contributions of human errors to system unavailability were in general not modeled for the
standby systems because of the following reasons:
•

The systems are required to be tested prior to reactor start-up.

•

Testing of the ECCS equipment such as the shutdown D2O pumps and scavenge pumps,
and the H2O shutdown pumps do not require alignment of valves for the test and,
therefore, the components are not subjected to operator errors in realigning the system
back to its original configuration.

•

The required post maintenance testing of equipment belonging to standby systems will
ensure that the equipment and, thus, the system are in operable status before being put
back into service after maintenance work has been performed on the equipment.

Selected misalignment errors have been explicitly incorporated into the PSA. These are
discussed in the system analysis sections. The misalignment errors modeled or explicitly
considered for inclusion in the study are:
•
•

Misalignment of the rig diesel generator as discussed in Section 7.2.
Misalignment of RCB containment isolation valves as discussed in Section 7.5.
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Table 9-1 (Page 1 of 7). Performance-Shaping Factor and Scaling Guidance
PSF: Task Complexity
Definition: This performance-shaping factor rates the effect of multiple requirements on task
success. It can range through the entire gamut of coordination, multiple locations, remote
operations, variety of tasks, and communications requirements. It also rates the availability of
resources.
Scaling Guidance: Compare different types of complexity, or lack of complexity, by judging
how much the operator is helped or hindered. Consider how the system is designed to avoid
error if complex actions must be accomplished. Also consider the availability of resources to
accomplish the various parts of the action.
—0

Very clearly understood and straightforward task with no interpretation of current
situation required.

—2

Skill-based response by one operator that can be performed and verified at one
location.

3
—4
—5

Series of tasks accomplished under direct control of one operator with a rule-based
response.

—6
—7

Knowledge-based response.

—8

Tasks involving coordination of more than one operator at more than one location.

—9

Tasks with contingencies that require coordinating decisions during different stages of
the transient event and among multiple operators at multiple locations.

— 10
Consensus Notes:

\DIST\REPORT\SECT 9.DOC.01/15/98

9-19

Table 9-1 (Page 2 of 7). Performance-Shaping Factor and Scaling Guidance
PSF: Plant Man-Machine Interface and Indications of Conditions
Definition: This performance-shaping factor relates the impact of the man-machine interface
on the likelihood of success. It measures the degree to which the control room or the local
conditions at the time when the action must be accomplished assist the operator in performing
the action.
Scaling Guidance:
—0

Indications and plant man-machine interface focus the operators' attention on the need
to act and provide an easy method to do so. Feedback on success is obvious.

—1
—2

Alarms and indications are clear and easily interpreted. Feedback is readily available
close to the point of action.

3

—4
—5

Indications for this action are found within a familiar pattern of alarms, which operators
are trained to diagnose.

—6
7
—8

Action requires that two or more operators work together because of controls and
indications that are far apart.

9
— 10 Indications confuse the operators and cause actions that could be wrong or
inappropriate.
Consensus Notes:
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Table 9-1 (Page 3 of 7). Performance-Shaping Factor and Scaling Guidance
PSF: Adequacy of Time to Accomplish Action
Definition: Measure of time required to act compared with the time available and the effect
on success. The rating reflects the operator's confidence that the task can be accomplished in
time to avert a change to a failed state.
Scaling Guidance: Judgment should be based on the time required compared with the time
available to recognize, diagnose, and accomplish the action. Judgment about the length of
these times may be reflected by noting the task description times. Both the absolute difference
in time and the ratios of the time may. be useful for making these judgments.
—0

Adequate time to accomplish action, bring in assistance if necessary, and correct errors.

—1

Time is on the operator's side.

—2

Enough time to complete procedures carefully and methodically with some outside
assistance.

3
4
—5

Enough time to complete at a normal speed and to verify results, but with limited time
to correct significant errors.

--6
—7

Success requires rapid, practiced operator actions with little time to correct anything
but a small slip. Requires skillful and well-trained actions for success with any
problem endangering the chance for success.

—8
—9
— 10 Time required exceeds time available. Operator cannot complete the task within the
given time frame.
Consensus Notes:
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Table 9-1 (Page 4 of 7). Performance-Shaping Factor and Scaling Guidance
PSF: Significant Preceding and Concurrent Actions
Definition: Preceding and concurrent actions set the stage for the modeled action and make it
necessary and obvious to the operators. They can also divert the operators' attention from this
action or even cause failure. (If necessary, some strongly dependent failures may be accounted
for by specific split fractions in the event trees.) Lack of preceding actions may create a
surprise effect that should be accounted for in this performance-shaping factor.
Scaling Guidance:
—0

Previous actions focus operators on the urgent need to act.

—1

There are no distractions from this action; it is subject to close supervision and
follow-up.

2
—3

Operators are alerted to the need for possible action and are expecting it.

—4

Another step in standard or procedure-based responses.

—5

Action is not a surprise, but previous actions create some competition for operator
attention.

—6
—7
—8

This is one of many concurrent actions and could possibly be overlooked. Operator is
taking recovery actions from one or two previous problems.
Operators are busy with other work or operators are in normal shift operations, and this
is an unexpected, unusual transient.

—9

Previous operator problems create an unusual situation.

— 10 The need to accomplish this action is unexpected and inconsistent with previous
actions.
Consensus Notes:
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Table 9-1 (Page 5 of 7). Performance-Shaping Factor and Scaling Guidance
PSF: Procedural Guidance
Definition: This performance-shaping factor accounts for the extent to which plant procedures
enhance the operator's ability to perform the action. The operator may have available not only
step-by-step instructions but also guidance on when the action has been correctly done.
Scaling Guidance:
—0

Procedures are clear and definite. Operators can easily follow them.

... 1
—2

Procedures are clear and definite. Operators can easily follow them.

3
4

—5

Procedures are available. Some operator interpretation required to perform specific
actions.

—6
—7

Procedures are available, but because of the need to act, the operator can use them only
as a backup check.

—8
—9

Action is a chance event for which procedures can give only vague guidance.

— 10 Procedures are poorly written and may be misleading.
Consensus Notes:
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Table 9-1 (Page 6 of 7). Performance-Shaping Factor and Scaling Guidance
PSF: Training and Experience
Definition: This performance-shaping factor measures the effect of the familiarity and
confidence the operators have about the actions.
Scaling Guidance:
—0

Action is routinely carried out during normal operations. Operators are thoroughly
familiar with this action and competent at it.

—1
—2
—3

Action that is routinely carried out during normal operations can be easily applied to
this situation. Operators are well trained.
Action is part of focus on safety functions. It is subject to thorough and repeated
training.

—4

Action receives emphasis during normal training.

—5

Action is part of normal training, but receives no particular emphasis. Same action is
used during surveillance testing.
Nonroutine action that is included in annual training. Surveillance test routinely

—6

carried out has different steps than the required action.
—7
—8

Nonroutine action that is an option in annual or biannual training.

—9
— 10 Action is unfamiliar or contrary to normal operational practice; e.g., defeating a safety
system and no procedures.
Consensus Notes:
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Table 9-1 (Page 7 of 7). Performance-Shaping Factor and Scaling Guidance
PSF: Stress
Definition: This performance-shaping factor accounts for situations that may endanger the
operator, damage or contaminate either the plant or the environment, or result in a long plant
outage. Depending on its level, stress can serve as an incentive to accomplish the action,
produce a reluctance to do it, or provide a diversion of attention that increases the likelihood of
failure.
Scaling Guidance: Rating should focus on how the presence of stress will affect the
concentration of the operator on successfully accomplishing the action. In this context, stress
can have both beneficial and detrimental effects, and it is the judge's responsibility to assess
the relative importance of the two.
—0

Stress level has made the operators alert, but they are not yet threatened; provides best
incentive to act.

... 1
—2

Stress level is low, but it is enough to keep the operators alert.

3
4

—5

Stress level is moderate; operators are aware of potential consequences; situation is
unusual.

—6

Concern about possible outcome is increasing.

—7

Stress level is too low; fatigue or boredom affect success. Consequences are high
enough to create physical tension.

—8

Potential loss is high if action is not successful; situation is unfamiliar.

—9

Operators fight fear, tension and uncertainty while acting. Consequence could be high
radiation exposure, significant release, or core damage.

— 10
Consensus Notes:
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Table 9-2. HIFAR Accident Procedures and Instructions Used in the PSA
Document Title
Rev. No.
Date
HIFAR Operating Manual; Section 6.1
Management and Administration
11
9/10/90
HOM, Section 2
HOM, Section 19 Reactor Operation
10
19/5/94
14
HOM, Section 25 Accident Control
18/3/93
HIFAR Incident Instructions (Not Yet Issued, to be Referenced from Section 25)
General Instruction for Class A and B
1
30/5/95
NH191
Accidents inside the RCB
NH192
General Instruction for Class C Accidents
1
30/5/95
inside the RCB
General Instruction for RCB Evacuation and
2
30/5/95
NH193
ECR Takeover
General Instruction for RCB Over/Under
1
30/5/95
NH196
Pressure Relief
General instruction for Arming and
0
NH227
19/6/95
Activating the RAT Flooding System
NH194
General Instruction for High Radiation in the
1
30/5/95
HIFAR Area
NH195
General Instruction for Airborne and Surface
1
30/5/95
Contamination inside the RCB
General instruction for Light Water Leakage
1
NH198
30/5/95
to the D2O Plant Room
General Instruction for Emergency operation
0
NH238
18/9/95
of the RCB Overhead Crane during Loss of
Line Supply B
General Instruction for a Reported Fire
1
NH203
30/5/95
inside the RCB
NH204
General Instruction for a Reported Fire
1
30/5/95
outside the RCB
Number
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Table 9-3. Sample Action Description Form
ACTION TOP EVENT/ ID:
ACTION TITLE:
SEQUENCE OF EVENTS/CONCURRENT ACTIONS:
INDICATIONS OF PLANT CONDITION:
REQUIRED ACTION/LOCATION:
TIME CONSTRAINTS:
OTHER SEQUENCE CONDITIONS REPRESENTED BY THIS ACTION:
PERFORMANCE SHAPING FACTOR ASSESSMENT
SHAPING FACTORS
RANKINGS
WEIGHTS
TASK COMPLEXITY
MACHINE INTERFACE/ INDICATIONS
TIME ADEQUACY
PRECEDING/ CONCURRENT ACTIONS
PROCEDURAL GUIDANCE
TRAINING AND EXPERIENCE
STRESS
COMMENTS:
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Table 9-4 (Page 1 of 2). Summary Description of Actions for HIFAR

1
q

p
to
00

Action
ID
H0D201
H0FN1
H0FP1
H0H201
HOH2O2
H0IA1
H0IA2
H0IB1
H0IB2
H0IB3
H0IB4
H0L21
HOL22
HOL23
HOL24
HOL25
HOL26
HOL27
H0LLP1
H0LLP2
H0MW1
H0MW2
H0PN1
H0PN2
H0PN3
H0RED1

Description

FLI
Index

Manual start of D 2 0 shutdown pumps given auto start failure.
Start standby train if active extract given NR train fails, .28 1/sec, no fuel damage.
Align for plant room flooding given large leak to DPR, scavenge pump A and B operate, no FD.
Manual start of light water system given failure of running main and SD pumps, no leak.
Manual start of light water system given failure of running main and SD pumps, 12 1/sec leak.
Isolation of compressed air to RCB and shedding of electrical loads, before fuel damage.
Isolation of compressed air to RCB and shedding of electrical loads, given fuel damage.
Manual RCB isolation during loss of flow, station blackout event.
Isolate RCB during .28 1/sec leak with no scavenge pumps operating.
Manually isolate RCB given fuel damage and failure of auto signal to isolate.
Manually isolate RCB given fuel damage, containment isolation system under test.
Isolate D 2 0 leak before L2; 0.28 1/sec to DPR, scavenge pump A only working.
Isolate D2O leak before L2; 0.28 1/sec to DPR, no scavenge pumps working.
Isolate D2O leak outside the DPR before L2; 0.28 1/sec.
Isolate faulty heat exchanger, during shutdown.
Isolate faulty heat exchanger, from full power.
Isolate weir line given weir line leak inside RAT, with LLS pump not running.
Isolate weir line given weir line leak inside RAT, with LLS pump running.
Align standby LLS pump during 6 1/sec leak to RST, from full power.
Align standby LLS pump during leak to RST, when shutdown after 24 hours cooling.
Isolate a ruptured section of mains water and restore flow to HIFAR while at power.
Isolate a ruptured section of mains water and restore flow to HIFAR while shutdown.
Align standby rectifier/motor generator set after plant trip.
Align standby rig diesel generator during loss of all offsite power.
Align DBS2 to DBS1 given loss of power from substation 1, section 3 only.
Restart of main D2O pumps given failure of both D2O shutdown pumps, no leak.

4.2
5.3
6.0
4.6
5.1
4.2
4.8
4.1
3.7
5.2
5.4
5.3
5.6
5.9
6.4
4.4
5.3
5.1
6.9
5.7
4.5
5.8
2.8
2.7
2.7
3.0

Mean
HER
0.01
0.03

Time
Available
40 M
30 M

1

1H

0.01
0.05
0.015
0.03
0.01
0.007
0.02
0.04
0.07
0.08

1.2 H
1.2 H
5.2 H

7H
5.2 H
1.75 H
10M
10M
3.1 H
1.75 H
1.75 H
42 M
42 M
32 M

0.1
0.15
0.02
0.07
0.05

8M
40 M
4.8 H

0.1
0.05
0.03

7H
1H

0.1

40 M
70 M
70 M
40 M

0.004
0.003
0.003
0.004

c
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55

I

to
O

Action
ID
H0RED2
H0RED3
H0RED4
H0RED5
H0REH1
H0REH2
H0REH3
H0REH4
H0REH5
H0RF1
H0RF2
HORF3
HORF4
H0RF5
H0RT1
HOSB1
HOSB2
HOSB3
HOSC1
HOSI1
HOSSA1
HOSSB1
HO VI
H0WI1
H0WI2
HSUB21

Description
Restart of D2O after recovery of power given station blackout, no leak.
Restart D2O shutdown pump given 1 1/sec drain line leak to plant room.
Restart D2O shutdown pump given 1-6 1/sec leak to RST.
Restart of main D2O pumps given both D2O SD pumps fail, during SD with RAT isolated.
Align mains water to HX given H2O system fails, no leak.
Align mains water to HX given H2O fails, when 0.28 1/sec leak in progress.
Align light water to HX given mains water fails, during shutdown, no leak.
Align light water to HX given mains water fails, when 0.28 1/sec leak.
Open DPR doors and cool with SCS given local loss of mains water and H2O to HX, no leak.
Arm and initiate RAT flooding given station blackout.
Arm and initiate RAT flooding given HX leak during shutdown.
Arm and initiate RAT flooding given unisolated .28 1/sec leak with no scavenge pumps.
Arm and initiate RAT flooding given 12 1/sec leak with scavenge pump A operating.
Arm and initiate RAT flooding given 1 1/sec weir line leak inside RAT.
Manual reactor trip given 0.28 1/sec leak to DPR.
Provide makeup to No. 1 Storage Block given loss of cooling flow or pipe break.
Align and start standby cooling train for No. 1 Storage Block given loss of duty train.
Provide makeup to No. 1 Storage Block given loss of mains water.
Start standby train of SCS from ECR given operating trains fail, and fuel is damaged.
Manual actuation of ECCS given 0.28 1/sec.
Open Building 70 doors given loss of both fans in one room.
Align standby EP to RCB crane given line supply B fails.
Manually vent RCB pressure buildup given fuel damage.
Isolate weir line during 0.28 1/sec leak to DPR, scavenge pump A only, leak unisolated.
Isolate weir line during 12 1/sec leak to DPR, scavenge pump A only, leak unisolated.
Align power from MBS4/2 to MBS4/1 given loss of normal power.

FLI
Index

3.7
6.7
5.0
3.8
2.0
3.1
3.0
3.6
4.5
3.7
4.9
4.7
6.1
5.2
1.9
4.6
3.3
5.2
3.4
10.0

5.8
5.6
3.7
7.7
10.0

3.3

Mean
HER
0.007

0.1
0.03
0.007
0.001
0.004
0.003
0.007
0.02
0.004
0.03
0.02
0.15
0.04
0.001
0.025
0.005
0.04
0.002

1
0.05
0.04
0.006

0.4
1
0.005

Time
Available
40 M
54 M
72 M
40 M
1.2 H
1.2 H
6.1 H

6H
6.1 H
5.2 H
43 M
1.75 H

8M
32 M
27 M

5H
5H
5H
1H
1.75 H

1H
45 M

7H
3.1 H

8M
5H

6

Table 9-5. Selected Calibration Tasks for HIFAR Human Performance Tasks

on

Action ID
MIN4
ZHECD3
RCSDPRES
ZHE0T1

R
TOTAL
RPT2
ZHE0B1
FDBLD
0MU1
RPT2'
RHR3'
TERM1

Description
Error rate for diagnosis contribution only, within
60 minutes.
Remote manual steam generator depressurization given
steam generator tube rupture.
Like ZHECD3.
Manually trip reactor within 1 minute, given ATWS with
loss of all main feedwater.
LikeZHEOTl.
Response to typical loss of RHR with lots of time
available.
Trip RHR pumps within 15 minutes, given a loss of RCS
inventory.
Initiate feed and bleed given loss of all steam generator
cooling.
LikeZHEOBl.
Provide makeup to the RCS before mid-loop during
small LOCA initiated with high level.
Trip RHR pumps within 5 minutes, given a loss of RCS
inventory.
Restore RHR within 30 minutes, given LOCA from
mid-loop operation of RHR.
Terminate inadvertent mass addition before RCS
pressure relief, while in shutdown.

FLI
Index

2.3

Mean
HER
1.00E-04

Swain & Gutman, NUREG/CR-1278

2.4

1.5OE-O3

Beaver Valley Unit 2

2.4
2.6

2.20E-02
1.40E-03

NUREG/CR-4550
Beaver Valley Unit 2

2.6
3.7

2.66E-03
8.00E-04

NUREG/CR-4550
0/426 Events

4.3

4.00E-03

0/76 Events

4.6

4.30E-03

Beaver Valley Unit 2

4.6
5.4

1.10E-02
7.00E-02

NUREG/CR-4550
1/14 Events

5.8

4.00E-02

3/76 Events

8.5

3.90E-01

5/13 Events

9.3

7.20E-01

18/25 Events

Range Factor

e

Table 9-6 (Page 1 of 2). HIFAR Human Error Rate Uncertainty Distributions

(A

I

Name
HEC2
HEPR2H
HEPR40
HEPR5H
HFEJ
HOD2O1
HOFN1
HOFP1
HOH2O1
HOH2O2
HOI AI
HOIA2
HOIB1
HOIB2
HOIB3
HOIB4
HOL21
HOL22
HOL23
HOL24
HOL25
HOL26
HOL27
HOLLP1
HOLLP2
HOMWI
H0MW2
HOPNI
HOPN2
HOPN3
HORED1
HORED2
HORED3
HORED4
HORED5
HOREH1
HOREH2
HOREH3
HOREH4
HOREH5
HORF1

Description
Error of Commission — Type II
Offsite Power Non-Recovery before 2.6 Hours (Plant Specific)
OfTsite Power Non-Recovery before 40 Minutes (Plant Specific)
Offsite Power Non-Recovery before 5 Hours (Plant Specific)
Fuel Element Jammed IN Flask
Manual Start of D2O Shutdown Pumps Given Auto Start Failure
Start Standby Train if Active Extract Given NR Train Fails,.28/SEC, No Fuel Damage
Align for Plant Room Flooding Given Large Leak to DPR, Scavenge Pump A&B Operate, No FD
Manual Start of Light Water System Given Failure of Running Main & SD Pumps, No Leak
Manual Start of Light Water System Given Failure of Running Main & SD Pumps, 12 l/s Leak
Isolation of Compressed Air to RCB and Shedding of Electrical Loads, before Fuel Damage
Isolation of Compressed Air to RCB and Shedding of Electrical Loads Given Fuel Damage
Manual RCB Isolation during Loss of Flow, Station Blackout Event
Isolate RCB during .28 I/sec Leak with No Scavenge Pumps Operating
Manually Isolate RCB Given Fuel Damage and Failure of Auto Signal to Isolate
Manually Isolate RCB Given Fuel Damage, Containment Isolation System Under Test
Isolate D2O Leak before L2, .28 I/sec to DPR, Scavenge Pump A Only Working
Isolate D2O Leak before L2, .28 I/sec to DPR, No Scavenge Pumps Working
Isolate D2O Leak Outside the DRP Before L2; 0.28 I/sec
Isolate Faulty Heat Exchanger, during Shutdown
Isolate Faulty Heat Exchanger, from Full Power
Isolate Weir Line Given Weir Line Leak Inside RAT, With LLS Pump Not Running
Isolate Weir Line Given Weir Line Leak Inside RAT, With LLS Pump Running
Align Standby LLS Pump during 6 l/s Leak to RST, from Full Power
Align Standby LLS Pump during Leak to RST, When Shutdown after 24 Hours Cooling
Isolate a Ruptured Section of Mains Water and Restore Flow to HIFAR While at power
Isolate a Ruptured Section of Mains Water and Restore Flow to HIFAR While Shutdown
Align Standby Rectifier/MG Set after Plant Trip
Align Standby Rig DG during Loss of All Offsite Power
Align DBS2 to DBS1 Given Loss of Power from Substation 1, Section 3 Only
Restart of Main D2O Pumps Given Failure of Both D2O Shutdown Pumps, No Leak
Restart of D2O after Recovery of Power Given Station Blackout, No Leak
Restart D2O Shutdown Pump Given 1 I/sec Drain Line Leak to Plant Room
Restart D2O Shutdown Pump Given 1-6 I/sec Leak to RST
Restart of Main D2O Pumps Given Both D2O SD Pumps Fail, during SD with RAT Isolated
Align Mains Water to HX Given H2O System Fails, No Leak
Align Mains Water to HX Given H2O Fails, When 0.28 I/sec Leak in Progress
Align Light Water to HX Given Mains Water Fails, during Shutdown, No Leak
Align Light Water to HX Given Mains Water Fail, When 0.28 I/sec Leak
Open DPR Doors and Cool with SCS Given Local Loss of Mains Water and H2O to HX, No Leak
Arm and Initiate RAT Flooding Given Station Blackout

Mean

5 th %He

Median

95* %ile

4.70E-03
8.91E-02
5.79E-01
1.62E-02
1.19E-01
1.00E-02
3.00E-02
1.00E+00
1.00E-02
5.00E-02
1.50E-02
3.00E-02
1.00E-02
7.0IE-03
2.00E-02
4.00E-02
7.01E-02
8.00E-02
1.00E-01
1.50E-01
2.00E-02
7.01E-02
5.00E-02
1.00E-01
5.00E-02
3.00E-02
1.00E-0I
4.00E-03
3.00E-03
3.00E-03
4.00E-03
7.00E-03
1.00E-01
3.00E-02
7.00E-03
1.00E-03
4.00E-03
3.01E-03
7.01 E-03
2.00E-02
4.01 E-03

7.25E-04
7.56E-03
4.09E-01
6.72E-04
4.35E-02
1.26E-03
3.77E-03
1.00E+00
1.26E-03
6.28E-03
1.88E-03
3.77E-03
1.26E-03
. 4.49E-04
2.51 E-03
5.03E-03
1.24E-02
I.42E-02
2.69E-02
5.24E-03
2.51 E-03
I.24E-02
6.28E-03
2.69E-02
6.28E-03
3.77E-03
2.69E-02
2.57E-04
1.93E-04
1.93E-04
2.57E-04
4.50E-04
2.69E-02
3.77E-03
4.50E-04
6.40E-05
2.57E-04
1.92E-04
4.49E-04
2.51 E-03
2.56E-04

3.14E-03
6.90E-02
5.82E-0I
6.17E-03
1.07E-01
6.20E-03
1.86E-02
1.00E+00
6.20E-03
3.10E-02
9.30E-03
1.86E-02
6.20E-03
3.31 E-03
1.24E-02
2.48E-02
4.91E-02
5.6IE-02
8.00E-02
1.04E-01
1.24E-02
4.91E-02
3.10E-02
8.00E-02
3.10E-02
1.86E-02
8.00E-02
1.89E-03
1.42E-03
1.42E-03
1.89E-03
3.31 E-03
8.00E-02
1.86E-02
3.31 E-03
4.72E-04
1.89E-03
1.42E-03
3.31 E-03
1.24E-02
1.89E-03

1.60E-02
2.34E-01
7.41E-01
7.06E-02
2.36E-01
3.06E-02
9.18E-02
1.00E-01
3.06E-02
1.53E-01
4.59E-02
9.18E-02
3.06E-02
2.44E-02
6.12E-02
1.22E-01
1.94E-01
2.22E-01
2.38E-01
4.49E-01
6.12E-02
I.94E-01
1.53E-01
2.38E-01
1.53E-01
9.I8E-02
2.38E-01
1.39E-02
1.05E-02
1.05E-02
1.39E-02
2.44E-02
2.38E-01
9.18E-02
2.44E-02
3.48E-03
1.39E-02
1.05E-02
2.44E-02
6.12E-02
1.40E-02
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Table 9-6 (Page 2 of 2). HIFAR Human Error Rate Uncertainty Distributions

C/l

I

q

Name
HORF2
HORF3
HORF4
HORF5
HORT1
H0SB1
HOSB2
H0SB3
H0SC1
HOSH
HOSSAI
H0SSB1
H0V1
H0WI1
H0WI2
HSBPT
HSUB21
HXTBLP

PI
P2
P3

Description
Arm and Initiate RAT Flooding Given IIX Leak during Shutdown
Arm and Initiate RAT Flooding Given Unisolated 0.28 I/sec Leak with NP Scavenge Pumps
Arm and Initiate RAT Flooding Given 12 I/sec Leak with Scavenge Pump A Operating
Arm and Initiate Flooding Given 1 l/s Weir Line Leak Inside RAT
Manual Reactor Trip Given 0.28 I/sec Leak to DPR
Provide Makeup to No. 1 Storage Block Given Loss of Cooling Flow or Pipe Break
Align and Start Standby Cooling Train for No. 1 Storage Block Given Loss of Duty Train
Provide Makeup to No. 1 Storage Block Given Loss of Mains Water
Start Standby Train of SCS from ECR Given Operating Trains Fail, and Fuel is Damaged
Manual Actuation of ECCS Given 0.28 I/sec
Open Building 70 Doors Given Loss of Both Fans in One Room
Align Standby EP to RCB Crane Given Line Supply B fails
Manually Vent RCB Pressure Buildup Given Fuel Damage
Isolate Weir Line during 0.28 I/sec Leak to DPR, Scavenge Pump A Only, Leak Unisolated
Isolate Weir Line during 12 I/sec Leak to DPR, Scavenge Pump A Only, Leak Unisolated
No. 1 Storage Block Cooling Pump Trips
Align Power from MBS4/2 to MBS4/1 Given Loss of Normal Power
Total HX Tube Leak - Prior
Offsite Power Non-Recovery Before 40 Minutes (Generic)
Offsite Power Non-Recovery Before 2.6 Hours (Generic)
Offsite Power Non-Recovery Before 5 Hours (Generic)

Mean

5lh %ile

Median

3.00E-02
2.00E-02
1.50E-01
4.00E-02
1.00E-03
2.50E-02
5.00E-03
4.00E-02
2.00E-03
1.00E+00
5.00E-02
4.00E-02
6.00E-03
4.00E-01
1.00E+00
8.99E-02
5.00E-03
6.96E-04
5.4IE-01
1.28E-01
2.85E-02

3.77E-03
2.51E-03
5.24E-O3
5.03E-03
6.40E-05
3.14E-03
3.20E-04
5.O3E-O3
1.28E-04
1.00E+00
6.28E-03
5.03E-03
3.84E-04
. 2.60E-01
1.00E+00
1.99E-02
3.20E-04
1.56E-05
3.54E-01
1.16E-02
7.35E-04

1.86E-02
1.24E-02
1.04E-01
2.48E-02
4.72E-04
1.55E-02
2.36E-03
2.48E-02
9.45E-04
1.00E+00
3.10E-02
2.48E-02
2.83E-03
3.88E-01
1.00E+00
7.46E-02
2.36E-03
2.03E-04
5.43E-O1
I.01E-01
6.67E-03

95 t h %He
9.18E-02
6.12E-02
4.49E-01
1.22E-01
3.48E-03
7.65E-02
I.74E-02
1.22E-01
6.98E-03
I.00E-0I
1.53E-01
1.22E-01
2.09E-02
5.80E-01
1.00E-01
2.12E-01
I.74E-02
2.63E-03
7.23E-01
3.28E-01
1.42E-01
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Figure 9-1. Human Error Rate versus FLI for Selected Calibration Tasks
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Model for Grid-Centered Causes of Loss of Offsite Power
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10. RESULTS INTERPRETATION

10. Results Interpretation
10.1 Applicable Safety Criteria
10.1.1 Introduction
This section reviews the applicable safety criteria for HIFAR and specifies how the completed
PSA and its results can be related to these criteria. The criteria discussed in this section relate to
accident conditions rather than conditions associated with normal operation and activities. The
section begins with a brief general discussion of quantitative safety criteria followed by a
discussion of how PSA can support the determination of whether such criteria are satisfied. A
summary of specific criteria that are applicable to HIFAR is presented next. The final portion of
this section discusses how the PSA and its results can be compared to the criteria.
10.1.2 Perspective on Quantitative Safety Criteria
It is recognized that the acceptability of risks is a complex issue and is multidisciplinary in
nature. One must first ask the question "acceptable to whom?" The perceptions of the workers,
operating organization, local members of the public, and the society at large are likely to have a
large degree of commonality, but are also likely to involve significant differences. Essential
elements in addressing acceptability include benefits, costs, perceived risks, comparison to
alternatives, and use of resources. Each of these elements in turn are multifaceted. Risks, for
example, can address public health effects, worker health and safety, long-term effects, acute
effects, loss of resources such as land use and economic risk. Safety criteria developed to date
have not tended to be truly comprehensive but rather they have focused on relatively narrow risk
measures such as selected health effects; i.e., usually public health effects or amount of radiation
exposure. Those charged with the regulation of nuclear facilities have utilized criteria primarily
as a mechanism to strengthen standards for the protection of the public and workers. Those
charged with the operation of such facilities not only share the concern for safety, but also have
seen criteria as a means to achieve improved levels of safety in a cost-effective manner. The
larger task of identifying and demonstrating that the risk of a facility is truly acceptable to all
stakeholders would require not only that a comprehensive framework be developed, but also that
such a framework and compliance with the framework be understandable both to the technical
community as well as the public.
Quantitative approaches to the question "How safe is safe enough?" have been attempted for
over 30 years. At an IAEA conference in 1967, Adams and Stone (Reference 10.1-1) of the
Central Electricity Generating Board of Great Britain proposed the risk to an individual be the
governing factor when considering the siting of nuclear power plants. The specific numerical
limit would be the responsibility for the appropriate government bodies; however, they proposed
that the limit be based on the variation of the individual risk from other sources. Specifically,
they proposed that the increase in an individual's risk be smaller than the demographic variation
in the United Kingdom of an individual's chance of dying from other hazard sources. The
individual in question is a member of the general public who is assumed to receive no direct
benefits of the facility and is exposed to the risk involuntarily. The basic argument infers that an
increase in an individual's chance of dying on the order of 10"s per year would somehow be
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"acceptable." Adams and Stone did not discuss how compliance with such a criterion would be
demonstrated.
At the same conference, Farmer (Reference 10.1-2) proposed that probabilistic analyses be
employed and that the safety criterion of less than 0.01 premature deaths per reactor-year be
adopted. In addition, Farmer proposed a risk acceptance limit line based on the frequency of
release of various quantities of the isotope 1-131. Individual accident sequences are to be
compared against Farmer's curve. It is interesting to note that Farmer's limit line reflected a
degree of risk aversion; that is to say, the expected contribution to risk (as measured by the
product of frequency and consequence) of large infrequent accidents described as a point on
Farmer's curve is less than the expected contribution of smaller but more frequent releases. Like
Adams and Stone, Farmer also focused his attention on the general public.
One approach for establishing what levels of risk might be considered acceptable is to attempt to
relate the benefits of an activity with its risks. Such a framework (Reference 10.1-3) attempted
to relate the benefits of technology as realized by the increase in the standard of living and the
general health of a population with the risks that technology imposes. Bowen reasoned that the
risks of technology should be smaller than or, at the extreme, balanced by the benefits that it
provides. Bowen also argued that since specific affected individuals cannot be readily identified
(e.g., risks might be manifest in the form of a small statistical increase in the rate of cancer for
specific hypothetical scenarios), the risk and benefits must be considered macroscopically. That
is to say one should consider acceptability of risk on the societal rather than the individual level.
Quantitative safety criteria can be specified in the form of limits that establish a boundary
between what is "acceptable" and what is not or in the form of an objective that establishes a
desirable goal that one strives to meet (Reference 10.1-4). It is noted here that the establishment
and implementation of quantitative safety criteria is continuing to evolve and that one recent
international forum (Reference 10.1-5) commented, in part, that if goals (or limits) proved
impossible to meet, then continued operation can perhaps be justified by valid supporting
analyses. The required nature of such supporting analyses was not described. That same IAEA
Technical Committee meeting noted that existing reactors and new reactors could be held to the
same safety concepts, but perhaps at different standards. The observation is made that one
common interpretation of quantitative safety criteria has been to treat them as only one factor in
determining if a specific plant has an adequate margin of safety.
The OECD (Reference 10.1-6) recently published a survey of quantitative safety guidelines in
use in 12 countries. These guidelines had in common the use of PSA in conjunction with
deterministic analyses to address safety issues, but they did reflect a number of differences. No
uniform framework for the quantitative safety guidelines is apparent. Differences include the
required scope of the PSA analyses as well as different specification of calculational approaches;
e.g., one aspect of specifying how compliance is shown may be to specify frequencies below
which scenarios need not be considered. Other differences reflect the difficulty in defining the
threshold of what is meant by "fuel damage" or specifying a quantitative level of confidence that
compliance has been achieved. When specified, system unavailability criteria typically were in
the range of 10'3 to 10"4 for mechanical systems. Criteria that addressed the frequency of fuel
damage, whether in a formal or informal manner, were typically in the 10"4 to 10'5 events per year
range. One country, The Netherlands, specified informal criteria for core damage frequency and
further differentiated between existing plants that have a goal of 10"4 events per year and new
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plants that have a goal of 10'5 events per year. The criteria specified either formally or
informally for existing plants are summarized in Table 10.1-1. It is important to note that fuel
damage is not synonymous with a large release of radioactive material.
In the U.S., the use of PSA in addressing regulatory issues is increasing. No formal criteria for
core damage frequency is in place, but an informal target of 10"4 events per year has been
discussed. Several currently operating nuclear power plants in the U.S. have calculated core
damage frequencies greater than this target value. The development of specific acceptance
criteria is being pursued via the consideration of several specific applications (Reference 10.1-7)
and the framework that comes out of these applications is likely to be similar to the guidance
provided for the reporting of results from the individual plant examinations of power reactors
(Reference 10.1-8). In that program, all scenarios involving fuel damage whose mean
frequencies were greater than 10"7 events per year and all fuel damage sequences involving
failure or bypass of the containment with mean frequencies greater than 10"8 events per year were
to be reported. The individual plant examination guidelines also permitted scenario initiator
categories (e.g., high wind or nearby transport of hazardous material) to be screened from further
detailed quantitative analysis if it could be shown that they each contributed less than 10"6 events
per year to the core damage frequency.
Practical use of quantitative guidelines necessarily involves many complex issues. First, one
must consider the scope addressed by the guidelines. Do they address all risk initiators or just a
select subset of initiators? Some risk acceptance frameworks only address scenarios that
originate from so-called "internal" events (i.e., plant upsets that have their origin within the plant
systems), while other frameworks address both internal event initiators and "external" event
initiators (such as earthquakes, aircraft crash, fires, and other phenomena originating outside of
the plant systems). A second factor when considering scope is to specify the portion of the plant
operation that is to be considered in the risk acceptance framework. When most of the risk
acceptance frameworks were formulated, the general assumption was made that the major
contribution to risk was from events that occurred during power operation. This assumption that
the other modes of plant operation posed negligible risk from accidents has been shown to be
incorrect. Events that occur during shutdown or refueling have the potential to significantly
contribute to plant risk. Events that could occur during the handling of fuel have not generally
been considered in risk analyses; it is unlikely that fuel handling events were explicitly
considered in the development of the existing quantitative risk acceptance frameworks.
A second issue has to do with the analytical approach that is to be taken in the analyses to
demonstrate compliance with the risk criteria. Assumptions relating to the performance of the
analyses must be clearly delineated. These assumptions typically address a large number of
factors such as the degree of "recovery" (operator intervention to take active measures to prevent
damage) to be considered; how nonproceduralized operator actions are to be addressed; success
criteria for hardware operation and operator actions; data analysis (including the definition of
"failure"); and how, if any, approximations are to be made in the quantification process. An
example of a common approximation in the quantification process is the elimination (truncation)
of specific sequences from consideration if their individual frequencies fall below some specified
value, or if the number of failures represented in the individual sequences exceeds some
specified value.
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A third issue in considering how to implement quantitative guidelines has to do with the question
of uncertainty. When all of the sources of uncertainty are quantitatively considered in the PSA,
the results (in terms of the range defined by the 5th and 95th confidence levels) typically can be
characterized as spanning an order of magnitude or greater. Demonstrating compliance with a
set of guidelines therefore raises a number of questions. What measure from the uncertainty
distribution of the calculated fuel damage frequency is to be compared to the criteria, if the
criteria framework is silent on the issue? What components of uncertainty are explicitly included
in the analysis? Is the analysis restricted to considering only the variability in the data or does it
also consider the uncertainty associated with success criteria, for example? To what extent was
uncertainty addressed by consistently assuming "conservative" values for uncertain parameters,
and how are the results impacted? Are the conservative assumptions truly conservative for all
scenarios?
Most of the nuclear power plant owner/operators in the U.S. have responded to the requirement
to perform a form of plant-specific PSA. As of November 1995, 77 plants had formally
submitted summaries of their analyses to the U.S. Nuclear Regulatory Commission
(Reference 10.1-9). Of those submissions, 14 reported mean core damage frequencies greater
than the unofficial criterion of 10"4 events per year. The reported mean values of core damage
frequency for each of those plants are reported in Table 10.1-2 (adopted from Reference 10.1-9).
In general, when a plant determines that its core damage frequency exceeds the criterion, efforts
are initiated to determine what steps are possible to reduce the calculated core damage frequency.
These efforts focus on changes in the hardware, procedures, or training at the facility, or removal
of conservatism in the analyses. The relevant point is that although each of these plants reported
a mean core damage frequency that is equal to or greater than the unofficial U.S. criterion of 10"4
core damage events per year, they all are nonetheless considered by the U.S. regulatory
authorities to be "safe." As a final comment on the status of use of PSA safety criteria in the
U.S., when reviewing the information summarized in Table 10.1-2, one should recognize that the
scope issues outlined above must be considered. While all analyses consider the plant response
to internal events and some of the plant-specific analyses include a comprehensive treatment of a
spectrum of external events, others include only selected external events, and a few do not
include the consideration of any external events. All of the reported analyses consider events
that result from power operation only. Events during shutdown conditions and fuel handling
events are not included in the reported core damage frequencies.
Not all reactors in the U.S. are under the jurisdiction of the U.S. Nuclear Regulatory
Commission. The U.S. Department of Energy has responsibility for overseeing the safety of
many of the research, test, and materials reactors. Efforts to establish quantitative safety criteria
for DOE facilities have been made, but no such formal criteria have been agreed upon. It is clear
that core damage frequency is not the sole measure that DOE will consider for determining
acceptability. The research reactor at Oak Ridge was determined to have a mean core damage
frequency of approximately 3 x 10"4 (Reference 10.1-10) and yet is considered "acceptable" by
the DOE. That facility has an active risk management program and is of modest size (less than
100 MW), factors that may have influenced its "acceptability."
A search for PSA results from other DIDO-class reactors was conducted. Quantitative results are
readily available for only the FRJ-2 reactor at Julich (Reference 10.1-11). That PSA, based on
the earlier DIDO PSA, only considered events that could potentially lead to fuel damage that
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were initiated during power operation; shutdown or fuel transfer sequences were not specifically
considered. Risk associated with external events was also not considered. The results of the
FRJ-2 PSA are "commercial in confidence;" therefore, the quantitative results of that study will
not be repeated here. The observation is made, however, that it is likely that an active risk
management program might be necessary for the FRJ-2 facility to fully achieve compliance with
the criteria outlined below for HIFAR. Inquiries into the availability of PSA results for the DR-3
reactor at Rise revealed that very little PSA information was available for that facility, and the
operating organization at Rise had no immediate plans to conduct a PSA (Reference 10.1-12).
Some PSA work has been performed for the Pluto reactor, but those studies could more
appropriately be described as sensitivity analyses that did not have as a goal the realistic
estimation of the frequency of core damage (Reference 10.1-13).
10.1.3 Quantitative Safety Criteria and PSA
The heart of a PSA is the systematic identification of scenarios, the quantification of the
frequency of these scenarios, and the description of the consequences of the scenarios. The
process begins with the identification of acts that have the potential to initiate risk scenarios.
These acts are referred to as "initiating events." The first portion of the risk scenarios are
defined by the response of the plant and its operators to the initiators. This first portion of the
risk model ends with the determination of whether the scenario terminates successfully (i.e., no
significant damage) or unsuccessfully; i.e., significant damage. In PSA terminology, the
combination of a set of initiating events and the plant and operators response model is referred to
as a "Level 1" PSA.
If we characterize the type of damage that the fuel or other source of hazard experiences in the
various scenarios and determine the availability of active containment features, such as
containment isolation, then we can more meaningfully characterize the undesired end states of
the plant model as "plant damage states." We would then refer to the PSA as a "Level 1+"
analysis. The HIFAR PSA is such a Level 1+ analysis.
Subsequent analyses that consider the response of the containment to the various plant damage
states (i.e., the phenomena associated with the transport of fission products within the plant)
resulting in possible release of radioactive material is referred to as a "Level 2" PSA. The end
states of a Level 2 PSA are characterized by a discrete set of "release categories" that
characterize the amount, form, types and thermal energy associated with the accidentally
released material. Likewise, further analyses of the health or environmental impact of these
releases is characteristic of a "Level 3" PSA. A more through discussion of the definition of
Levels 1,2, and 3 PSAs can be found in Reference 10.1-14 and Section 3 of this report.
The above diversion into the anatomy of a PSA is useful when considering quantitative safety
criteria and compliance with such criteria. When safety criteria focus on health effects or dose
and the criteria are expressed in a probabilistic format, then a Level 3 PSA is required to
demonstrate compliance. Surrogate or subservient safety criteria can be expressed for
comparison against PSA analyses results that stop short of a full Level 3 PSA. Examples of such
surrogate criteria are the frequency of release of significant amounts of radioactive material, the
frequency of fuel damage events, the availability of safety functions or systems, or even the
occurrence frequency of selected initiating events.
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These performance level measures can be thought of as relating to the traditional levels of
defense in the "defense in depth" strategy: prevent plant upsets, successfully respond to plant
upsets, contain hazardous materials within the structure, and select site characteristics or
implement mitigation/evacuation strategies for offsite releases. Rationale for specifying safety
criteria at these lower levels are to focus resources on the assessment of "prevention" strategies
rather than strict compliance. The relative lack of Level 3 analyses for specific plants as
compared to the number of plant-specific Level 1 and Level 2 PSAs make such surrogate criteria
necessary for practical comparisons. It is also conceivable that criteria specified at levels below
public health risk (such as core damage frequency or core damage frequency with containment
bypass) can be related to higher level criteria through the use of simplified conservative analyses.
In general, such surrogate criteria are chosen at numerical levels which, if satisfied by analyses
of appropriate scope, would almost assuredly ensure that commonly proposed Level 3 criteria
would be satisfied.
Level 3 analyses performed for the Seabrook Nuclear Power Plant (References 10.1-15
and 10.1-16), for example, showed that although the then current mean core damage frequency
was assessed to be in excess of 1 x 10"4 events per year, the offsite health effects were quite
small.
Examples of proposed Level 3 criteria for New South Wales are given below.

10.1.4 Existing Criteria for the Safety of HIFAR
Section 11.2 of the HIFAR Safety Document (Reference 10.1-17) outlines the criteria that have
been put forth to assess the safety of HIFAR.
Regulatory Bureau Memorandum Number 1 (Reference 10.1-18) specifies the principles by
which radiological protection is to be accomplished. These principles include the concepts of
prevention and mitigation. All reasonably practicable measures are to be taken to prevent
accidents and all reasonably practicable measures are to be taken to reduce the radiological
consequences of any accident. Target values in terms of limiting doses are given for three
categories of accidents: those expected or anticipated to be possible to occur during the life of
the plant (assumed to be 30 years); those expected to have a frequency of less than once per plant
lifetime but greater than once in 3,000 years; and, those expected to have a frequency of less than
once in 3,000 years. Specific dose-frequency guidelines for discrete fault sequences are given in
Table 10.1-3.
Guidance is also given to indicate when additional barriers to radiation exposure to the public is
warranted. Discrete fault sequence, for example, with expected frequency greater than once in
3,000 years and judged to have associated dose equivalents as expressed in Table 10.1-3, should
be controlled by two independent barriers, each capable of reducing potential consequences
within the limits expressed in Table 10.1-3. If effective barriers for a discrete fault sequence are
not practical, the objective becomes demonstrating the frequency of the sequence is less than 10"5
years"1 (with the added objective of reducing the frequency even lower). Exceptions to the goals
presented as guidance can be considered on a case-by-case basis.
The Safety Assessment Policy for Nuclear Facilities (draft) from the Nuclear Safety Bureau
(Reference 10.1-19) establishes a set of "prime" expectations for a facility. The 29 specific
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expectations address topics ranging from the establishment of a safety culture to the use of
feedback of operational experience and include expectations relating to PSA. For example, PSA
can be used to determine if any accident is likely to dominate the total risk.
The report of the Hazardous Industry Planning Task Force (Reference 10.1-20) calls for a
comprehensive, well documented, and thoroughly implemented safety management system to
ensure safety for all facilities, not restricted to nuclear facilities. Guidelines developed in that
report complement the "expectations" articulated by the Nuclear Safety Bureau.
The New South Wales Department of Planning (Reference 10.1-21) has published guidelines on
an advisory basis for local councils, development proponents, and the community. The purpose
of these guidelines is to assist in decision making concerning the safety planning and impact
assessment of potentially hazardous developments and surrounding land uses. At a qualitative
level, the guidance specifies that avoidable risks should be avoided, risks should be reduced
when practicable, the consequences should be contained within the boundaries of the industrial
site, and in the case where an existing facility represents a "high" risk, additional developments
should not be allowed if such new developments significantly add to the existing risk.
At a quantitative level, maximum incremental annual risks (of premature death) to specific
classes of individuals are specified:
•
•
•
•
•

Hospitals, Schools, Child Care Facilities, and Old Age Housing
Residential Developments and Areas of Continuous Occupancy
Commercial Developments
Sporting Complexes and Active Open Space Areas
Industrial Sites

0.5 x 10'6
1.0 x 10"6
5.0 x 10"6
10 x 10"6
50X10"6

Guidance for acceptable injury risk (from heat radiation, explosion overpressure, and toxic
exposure) is given as is guidance for property damage. Guidance is given on a relative basis for
threats to ecosystems. Societal risk guidance are not quantitatively specified since, in the
opinion of the Department of Planning, more research in this area is warranted. Judgments on
societal risk are to be made on the basis of a qualitative approach on the merit of each case rather
than on specifically set numerical values. Demonstrating compliance with safety objectives
given in terms of risk of premature death or injury would, in principle, require a Level 3 PSA.
A more recent report from the New South Wales Department of Planning (Reference 10.1-22)
provides guidance for the conduct of hazard analyses, risk assessments, and the presentation of
results. With respect to the use of risk criteria, the report specifies that "...quantitative risk
criteria should not be used as absolute levels. Where the risk levels exceed the established
criteria, the acceptability of the facility may nevertheless be justifiable in terms of expected
economic or societal benefits." In addition, the report indicates that the implementation of risk
criteria should differentiate between existing land use situations and new situations where stricter
siting and technological standards would usually apply.

10.1.5 Objectives versus Limits
The criteria presented below are started in the form of "objectives" rather than "limits." These
objectives represent surrogate criteria appropriate for a Level 1+ PSA that, if met, support a
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reasonable level of confidence in the safety of all aspects of HIFAR operations as compared to
international standards. Since surrogate criteria are proposed in lieu of public health risk
standards (which form the bases for the existing regulatory standards), if specific objectives are
not met, then additional analyses may be warranted to more fully characterize the risk. These
additional analyses may take the form of scenario refinement or focused Level 2 and Level 3
analyses. Risk assessment is naturally an iterative process in which conservative assumptions
are initially made as appropriate; when specific conservative assumptions are found to
significantly impact the analysis results, they are selectively and carefully relaxed to yield a more
realistic estimate of the risk.
10.1.6 Proposed Safety Objectives
In order for safety objectives to be effective, they must be clearly stated and they must clearly
define the mechanisms to be used to demonstrate achievement of the objectives with a high level
of confidence. The safety objectives also must address all facets of operation of the facility. The
specific proposed objectives for HIFAR have been developed to relate directly to the results of
the Level 1+ PSA. That is to say, the objectives relate to the frequency of fuel damage or the
release of tritium and the characteristics of such damage rather than to radionuclide transport
(Level 2) or offsite dose (Level 3) measures.
Seven specific quantitative safety objectives are specified for HIFAR. These are summarized in
Table 10.1-4. The selection of criteria is based on the information relating to the inventory of
radioactive material as summarized in Section 4.2. Table 10.1-5 summarizes how the proposed
objectives reflect specific issues identified during the search of the literature of risk acceptance
frameworks.
The proposed safety objectives in Table 10.1-4 are divided into two classes; i.e., primary and
secondary. The primary objectives are those which relate to accident scenarios in which fuel
overheating occurs. As a result, the potential for release to the public is judged greatest for these
scenarios. Definitions similar to the primary safety objectives are commonly used in setting
safety criteria based on Level 1+ studies for other nuclear reactors.
Four secondary objectives address scenarios involving mechanical fuel damage or tritium
release; i.e., not fuel overheating. Such scenarios are expected to result in substantially less
radioactivity release offsite than those considered by the primary objectives.
Objective 5 also addresses scenarios resulting in mechanical fuel damage; however, there is one
clear distinction from the other secondary objectives. When mechanical fuel damage occurs to a
large number of fuel elements, a rearrangement of the material to form a critical configuration or
a geometry that is not coolable is then of concern. Only scenarios with this potential are assigned
to objective 5. The plant damage states assigned to objective 5 are only a subset of the plant
damage states assigned to objectives 3 and 4. The relationship of objective 5 to objectives 3
and 4 is discussed further below.
If any of the criteria assigned to the secondary objectives are exceeded, it is viewed as less
significant than if the primary safety objectives are exceeded. Additional analyses or plant
changes are still viewed as desirable to reduce the risk estimates, but the urgency of such efforts
is reduced.
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The safety objectives summarized in Table 10.1-4 are described in detail below. The applicable
plant operating states (POS) defined for the analysis in Section 4.3 are also identified. The
criteria frequencies listed in Table 10.1-4 are to be interpreted as mean values.
10.1.6.1 Primary Objectives
The first objective addresses the frequency of damage caused by overheating to irradiated fuel
elements in the core or in the No. 1 Storage Block. The objective is for the mean frequency of all
such scenarios (i.e., the sum of the frequencies of each relevant scenario) in this category to be
no greater than 5 x 10"4 events per year. This value is based on the following argument:
The corresponding safely objective for power reactors worldwide is typically
given as 1 x 10"4 events per year. The determination of that value for power
reactors apparently only considered events that originated from power operation.
Since the present study considers a comprehensive set of plant operating states,
including external events and reactor shutdown conditions, there is justification
for an increase above the 1 x 10"4 events per year objective. Also, many existing
plants exceed this objective (even when only a limited spectrum of initiating
events is considered as compared to the HIFAR PSA) yet are still de facto judged
to be "safe." Whether all plants in countries with more restrictive criteria actually
satisfy the stated criteria is not known. Specific assessments may not have been
performed with a consistent level of detail and appropriate scope for many of
these plants.
Furthermore, from the point of view of considering public health effects, the lower source term,
power level, and primary system operating pressure are factors that would permit a higher fuel
damage frequency while maintaining a comparable level of public health safety. Power reactors
typically generate 1,500 to 3,100 MW of thermal power compared to the 10 MW generated by
HIFAR. Power reactors typically operate with primary system operating pressures between 75
and 160 bar whereas HIFAR operates only slightly above atmospheric pressure. If a sequence
were to result in vessel or primary system breach, the low operating pressure (and low pressure
capacity) of the primary system would lessen any challenge to the containment and provide less
driving force for the transport of fission products. It is possible that detailed Levels 2 and 3
analyses could substantiate the above features of HIFAR as providing a larger safety margin, but
a factor of 5 increase from the 1 x 10"4 events per year value specified for power reactors is
specified. Given the relatively low power level and operating pressure of HIFAR, the factor of 5
increase above the normal value of 1 x 10"4 is likely to be very conservative from a public health
impact point of view.
From a public health impact point of view, not all fuel damage scenarios are of equal potential.
It is logical to establish a more stringent objective for fuel damage scenarios that involve a
damaged, ineffective, or unisolated containment since such scenarios remove one barrier to the
transport of radionuclides offsite. It is commonly found that sequences that have the greatest
frequency of fuel damage are not necessarily the scenarios that contribute the most to the
frequency of damage states characterized by fuel damage and ineffective containment.
Such scenarios are compared against the criterion for objective 2. A factor of 10 reduction in the
frequency sum of all such scenarios involving the irradiated fuel in the vessel or in the No. 1
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Storage Block is specified for objective 2. Objective 2 addresses the fuel overheating scenarios
that also involve the failure of containment due to bypass, failure of isolation, or failure due to
overpressure. A factor of 10 reduction is assumed by the U.S. Nuclear Regulatory Commission
for a similar containment failure class of events
In no way does compliance with this objective based on the current Level 1+ assessment imply
that the effectiveness of containment at HIFAR is on the order of a factor of 10 with respect to
fission product retention. What a demonstration of compliance with the objective does address is
the frequency of those fuel damage scenarios that might challenge the effectiveness of active
containment systems at HIFAR. This Level 1+ assessment considers the impact of the plant
response on the active containment systems at the beginning of the scenario. It considers
scenarios in which the containment is unisolated; fails due to overpressurization, or is bypassed.
Scenarios with initiators that directly degrade the containment itself (e.g., earthquakes, aircraft
crash, etc.) or the active containment systems are also considered. Overpressurization may occur
due to failure of the space conditioners. The failure to isolate sufficient electrical loads within
the RCB, or the failure to isolate instrument air supplied to the containment could also contribute
to containment overpressurization. We have chosen to assume that for purposes of comparison
against the safety objectives that the space conditioners must fail to result in containment
overpressurization. This suggests that failure to isolate the electrical loads and to isolate
instrument air to containment does not measurably impact containment performance. The study
team believes this to be true but it should be confirmed in a Level 2 analysis. No assessment of
performance of the containment to phenomena unique to fuel damage scenarios (i.e., accident
progression after fuel overheating) is implied.
The assignment of scenarios for comparison against the safety objectives with degraded or
ineffective containment definitions requires some additional interpretation. When developing
the suggested criteria, the study team has implicitly assumed that scenarios that fit the degraded
or ineffective containment definitions would result in noticeably greater releases than scenarios
in which the active containment systems perform as designed. Such an assumption is typical for
power reactors. This conservative interpretation is prudent for a Level 1+ study, but may be very
conservative for HIFAR. For example, fuel damage sequences in which there is a loss of the
space conditioners are classified as a degraded or ineffective containment sequence. However,
there may be insufficient decay heat generation to result in containment overpressure, even
without the space conditioners. Similarly, scenarios involving containment isolation failure or
bypass of containment through a ruptured heat exchanger tube may be classified as having a
degraded or ineffective containment, but the releases may still not be measurably greater than
from an effective containment if there is no appreciable driving force for release.
Only a Level 2 assessment would consider the physical response of the HIFAR containment to
challenges (e.g., steam explosions, molten fuel-heat exchanger interactions, if applicable) posed
by an accident involving fuel damage. Following such a Level 2 assessment, any additional
frequency of fuel damage sequences that result in containment ineffectiveness would be included
in the total for comparison against the proposed objective 2 criteria.
Damage to the fuel elements is assumed to occur if the fuel element clad were to exceed 500°C.
However, it is not possible to compute such fuel element temperatures for each of the many
candidate sequences of interest in the PSA. Therefore, assumptions are instead made regarding
conditions likely to lead to temperatures in excess of 500°C.
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Damage to elements in the core is assumed to occur if the bulk heavy water level in the RAT
falls below the top of the active fuel or the flow instability factor falls below 1. This assumption
is conservative (given the CCAs enter the core), since recovery remains a possibility for some
scenarios. Nevertheless, core damage is assumed in this study if the level drops below the top to
the active fuel. For events that involve a significant positive insertion of reactivity or the loss of
flow in the primary circuit, core damage is assumed to occur if the reactor fails to trip. For the
irradiated fuel elements stored in the No. 1 Storage Block, damage is assumed to occur if the
water level drops more than 35.5 cm below the top of the fuel. (The latter value is justified by
the analysis summarized in Appendix D).
Earlier drafts of this section separately considered additional objectives to distinguish scenarios
resulting in fuel overheating of the entire core or storage block inventory as opposed to just one
to four elements. Higher frequency criterion were proposed for the scenarios involving limited
fuel overheating because of the lower inventories available for release. The draft results
indicated that the frequency of limited fuel overheating scenarios was very small at HIFAR
compared to the frequencies derived for complete fuel overheating. Therefore, in this final report
the objectives originally developed for partial fuel overheating have been eliminated. Instead, all
scenarios leading to partial fuel overheating are conservatively assigned for comparison against
the criteria developed for complete fuel inventory overheating. This revision simplifies the
presentation of results.
Containment failure is implicitly assumed to occur if the RCB is bypassed, fails to isolate, or
fails due to overpressure. The assumption is effectively made that if RCB isolation is successful
(and not bypassed) and if space conditioning is successful, then the integrity of the containment
is assured. The leak rate from the containment is then assumed sufficiently low to enable
retention of a large portion of the fission products released from the damaged fuel elements. The
validity of this assumption would only be determined by a Level 2 assessment.
The current study did not identify any accident scenarios that resulted in the overheating of fuel
located outside the RCB. If such scenarios are identified in the future, it is maintained that such
scenarios should be assigned for comparison against objective 2. If a scenario involves fuel
overheating outside the RCB, it should be grouped with scenarios involving a degraded or
ineffective containment.
10.1.6.2 Secondary Objectives
Objectives 3 and 4 address accident scenarios involving irradiated fuel elements subject to
mechanical damage caused by the drop of heavy loads. Any number of fuel elements can be
involved in the damage. The specific concern addressed by these objectives is.mechanical
damage of the elements being transported either due to the flask dropping from any height, or the
fuel element being dropped while not under water. The drop of heavy loads, whether or not they
contain irradiated fuel elements, onto fuel storage areas is also considered by these objectives.
The quantitative criteria for Objectives 3 and 4 are a factor of 10 higher than those assigned for
objectives 1 and 2, respectively. These increased values reflect the study team's belief that the
offsite releases from such scenarios would be appreciably smaller than those assigned to
objectives 1 and 2. If mechanical damage to one or more fuel elements occurs outside the RCB,
such scenarios are assigned for comparison against objective 4; i.e., for comparison against
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safety criteria, the event occurring outside the RCB is interpreted as equivalent to involving an
ineffective containment.
The study team is confident that releases from mechanical damage accidents would be small so
long as the mechanical damage does not result in fuel overheating or in a critical configuration.
Objective 5 addresses these two possibilities. The frequency criterion assigned to this objective
is the same as that assigned to objective 2. This frequency reflects the fact that such scenarios
may involve fuel outside the RCB so that there would be no effective containment.
One class of scenarios assigned to objective 5 is the sudden loss of cooling to stored fuel in the
RAT or No. 1 Storage Block due to the possibility of dropping a heavy object, such as but not
limited to a flask. Loss of cooling to fuel stored outside the RCB cannot lead to fuel overheating.
The second class of scenarios assigned to objective 5 is the dropping of a heavy object onto a
storage location resulting in a critical configuration. More than four fuel elements are required to
possibly result in a critical configuration.
A heavy object dropped from any height onto stored fuel is assumed to result in an undesired
state. This is clearly a conservative assumption. A subsequent analysis might instead show that
the undesired state (i.e., sudden loss of cooling or a critical configuration) does not occur. In that
case, the frequency of such scenarios need no longer be included in the total compared against
this criterion. Should analysis later be performed that successfully demonstrates that the stored
fuel is not damaged by the heavy load, or that it is but fuel cooling is maintained or not required
and that it cannot result in a critical configuration, such scenarios should then be dropped from
the class of scenarios assigned to objective 5.
There is currently no analysis that considers the impacts of dropping a heavy load onto a fuel
storage area inside or outside the RCB. The study team believes that the conditional probability
of a heavy load drop resulting in a sudden loss of fuel cooling or a critical configuration is
remote. Instead, it is expected that further analysis would show that loss of cooling and critical
configuration impacts would not occur. This would mean that the releases would be limited,
similar to those tracked for comparison against objectives 3 and 4. For these reasons, objective 6
is considered a secondary objective. Also, we have chosen not to add the frequency of such
scenarios for comparison against objectives 1 and 2. The relatively low frequency assigned as
the criterion for objective 5 is judged to be prudent until such analyses are performed. Its
exceedance would suggest that additional analyses should be performed.
Given the uncertain nature of a heavy load drop resulting in a sudden loss cooling leading to fuel
overheating, and the lack of specific analyses that address mechanically induced criticality events
involving stored fuel, no differentiation is made between objective 5 scenario classes with and
without an effective containment.
Objectives 6 and 7 address the release of tritium for scenarios where there is no fuel damage. As
discussed in Section 4.2, the great majority of tritium is in the primary coolant system. The
amount of tritium in the No. 1 Storage Block, even during times associated with the beginning of
a major shutdown, is approximately 0.01% or less of the amount of tritium in the primary circuit.
The amount of fission products in the No. 1 Storage Block is also quite small when compared to
that contained in the stored irradiated fuel (which is addressed by Objectives 1 and 2). To have a
significant release of tritium (which will likely be in the form of tritiated water or water vapor),
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the heavy water (primary) system boundary would have to fail resulting in a sizable spill. Minor
spills of heavy water coolant will not result in the release of a significant amount of tritium. A
nominal value of 2,000 liters of heavy water from the heavy water circuit is chosen to
characterize the threshold of a "significant" spill.
It is noted that 2,000 liters is the approximate amount of heavy water released if the RAT level
were to drop from the normal level to RAT Level 2. Two thousand liters of heavy water, as
discussed in Section 4.2, could contain 20,000 Ci of tritium. No specific Level 3 analyses are
available that evaluate the offsite dose associated with scenarios involving spills of tritiated
water of this magnitude.
Spills within the containment are expected to be relatively cool (approximately 50°C) and are
expected to occur in the D2O plant room, an enclosed area not near any containment
penetrations. Evaporation would be the major transport mechanism of the tritiated water;
condensation of tritiated water vapor on the relatively cold surfaces of the HIFAR structures and
equipment outside the plant room would be expected to occur, even if the containment fails to
isolate. A separate analysis is necessary to fully evaluate the in-plant transport of tritium and
should include the assessment of the implications of containment overpressure failure due to
failure of the space conditioners. It should also address the possibility that the RCB ventilation
systems would continue to operate.
Loss of heavy water via loss of heat exchanger integrity would result in significant dilution of
the tritiated water by the cooler light water. The cooling tower fans are expected to be manually
tripped, and evaporation from the pond is expected to be of interest. Analyses should be
considered to determine possible offsite doses associated with the postulated contaminated pond,
with and without successful trip of the pond fans.
Objectives 6 and 7, particularly objective 7, may require modification once the analyses of the
transport and offsite dose effects of the postulated tritium release scenarios are fully understood.
The frequency limit for these objectives is developed based on the consideration of the frequency
of significant primary system failures of light water power reactors, hi those reactors, the
dominant mechanisms for failure of the primary system boundary involve steam generator tube
failure (analogous to failure of the heat exchanger tubes at HIFAR) and small LOCAs. This
analogy suggests a frequency limit of 10'2 events per year. We note that these failures in light
water reactors result in significantly lower amounts of released tritium. The magnitudes of
radioactive release for such scenarios at HIFAR are also believed to be very small. The
relatively high frequency criteria assigned to objectives 6 and 7 are believed to be consistent with
such small releases. As a result of the expected small releases, these objectives are also
considered secondary to objectives 1 and 2.
10.1.7 Relationship between Plant Damage States and Safety Objectives
Each of the undesirable scenarios considered in the PSA is assigned to a unique plant damage
state that characterizes the conditions associated with fuel damage or release of a significant
amount of tritium along with the conditions associated with specific containment features. These
plant damage states are discussed in Section 4.4 and presented in the form of four matrices. The
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initiator of the scenario under consideration determines which of the four matrices is used to
describe the damage scenario.
The four plant damage state matrices presented in Section 4.4 are repeated as Figures 10.1-1
through 10.1-4. In these figures, each plant damage state is identified with at least one and
sometimes two of the seven objectives. The frequency to be compared to each criterion is
determined by summing the frequency of all plant damage states associated with the criterion of
the safety objective.
The plant damage states assigned to objective 1 include all those involving fuel overheating due
to a loss of cooling. This includes scenarios involving the core and the No. 1 storage block. The
effectiveness of containment is not distinguished by objective 1.
For objective 2, the containment effectiveness is considered. All plant damage states involving
fuel overheating and an ineffective containment are assigned to objective 2. Therefore, the
scenarios which makeup the plant damage states assigned to objective 2 are a subset of those
assigned to objective 1.
The plant damage states assigned to objective 3 involve potential mechanical damage of
irradiated fuel. The associated scenarios may occur inside or outside the RCB. The
effectiveness of containment is not distinguished.
The plant damage states assigned to objective 4 are a subset of those assigned to objective 3. As
with objective 3, they involve potential mechanical damage of irradiated fuel elements. For
objective 4, however, only those plant damage states involving scenarios outside the RCB or, if
inside, a degraded or ineffective containment are included. The plant damage states assigned to
objective 4 are then a subset of those assigned to objective 3.
The plant damage states assigned to objective 5 involve potential mechanical damage in which
there is a potential for fuel overheating or for a critical configuration. These plant damage states
form a subset of those assigned to objective 3. Except while the irradiated fuel elements are in
the core or No. 1 Storage Block, the study team found that there was no potential for fuel
overheating. Also, more than four fuel elements are required to form for a critical configuration
to. Therefore, only plant damage states involving mechanical damage to more than four fuel
elements are assigned to objective 5. If a specific scenario can be shown not to lead to fuel
overheating, nor to a critical configuration despite the mechanical damage the scenario can be
deleted from the assignment to this objective. The associated plant damage state would then still
be assigned to objectives 3 and 4 as appropriate. Plant damage states assigned to objective 5 are
not included in the totals for objectives 1 and 2.
The plant damage states assigned to objective 6 all involve the release of tritium from the heavy
water circuit, but no fuel is damaged. These plant damage states are distinct from those assigned
to objectives 1 and 2. The effectiveness of containment is not distinguished by the assignment of
plant damage states to objective 6.
For objective 7, the containment effectiveness is considered. All plant damage states involving
tritium release without fuel damage are assigned to objective 7. Therefore, the scenarios which
makeup the plant damage states assigned to objective 7 are a subset of those assigned to
objective 6.
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Table 10.1-1. Probabilistic Safety Objectives/Criteria
for Core Integrity (from Reference 10.1-6)
Country
Italy
Spain
The Netherlands
United Kingdom
United States
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Objective/Criterion (Events per Year)
lO"5
10"4
10"4
KT4 (Limit); 10 5 (Objective)

la 4
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Table 10.1-2. Core Damage Frequencies of W4 Events per Year, or Greater,
Reported by U.S. Operators of Nuclear Power Plants (Reference 10.1-9)
Plant

Core Damage Frequency (Events per Year;
Assumed to be Mean Value, Except as Noted)
1.7 xlO" 4
2.0 x 10"4
5.4 x 10"4
1.4 xlO" 4
1.9 xlO" 4
2.0 x 10"4
2.1 x 10-4
1.6 xlO" 4 *
1.0 xlO" 4
1.6 xlO" 4
5.4 x 10^
1.7 xlO" 4
1.8 xlO" 4
1.1 x 10"4

Point Beach 1 and 2
Kewaunee
Robinson 2
Beaver Valley 1
Beaver Valley 2
Summer
Farley 1 and 2
Turkey Point 3 and 4
Surry 1 and 2
Diablo Canyon 1 and 2
Haddam Neck
Sequoyah 1 and 2
Three Mile Island 1
Oconee 1, 2 and 3
*Labeled an "upper bound."
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Table 10.1-3. Dose-Frequency Criteria from Regulatory Bureau Memorandum Number 1
Frequency of Discrete
Fault Sequence
Greater than 1/30 Years'1
Between 1/30 and 1/3,000 Years"1
Less than 1/3,000 Years"1
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Dose (mSv)
Child's Thyroid
Foetus
0.15
1

30
1,000
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5
150

Whole Body

0.3
10
300

Table 10.1-4. Safety Objectives for HIFAR

s

1
m

q

to

o

Category
1. Irradiated Fuel Elements in Core or
in the No. 1 Storage Block
Overheating

Source of Hazard
Irradiated Fuel Elements
in Core or in the No. 1
Storage Block

Safety
Relevant
Definition of Damage Used in the Frequency Assessment
POSs
Criterion*
Primary Safety Objectives
'
5x10^
For fuel elements in core:
1-5,7
1. Bulk heavy water level in RAT below top of active fuel or the flow
instability factor falls below 1.
2. For significant positive reactivity insertion or loss of flow events, failure to
scram. For elements in the No. 1 Storage Block: level in the No. 1 Storage
Block 35.5 cm or more below top of fuel
5 x 10 s
Above criteria with RCB: (1) degraded by initiator, (2) bypassed, (3) failure to
1-5,7
isolate, or (4) all space conditioners fail.

2. Fuel Elements in Core or No. 1
Irradiated Fuel Elements
Storage Block Overheating with
in Core or in the No. 1
Degraded or Ineffective Containment Storage Block
...:, ,-x;: ;;;-•:;:;: :m.-. u o ; - . ^ i ^ ; : - % ^ ^ - ; : H - " ^ -:^: V.-,: '• • -••;y ••;>•• •:, SecoMary e l e c t i v e *
•-Ar&^m^mmbMm^
5xl0 3
Fuel Elements in Transfer
Flask dropped from any height; or heavy load dropped onto stored fuel, or fuel
3. Fuel Element Mechanical Damage/
4, 6, 8-13
Flask Drop
element dropped from flask while in air. No fuel overheating or critical
Flask
configuration results
5x10^
Above with RCB: (1) degraded by initiator, (2) bypassed, (3) failure to isolate,
4. Fuel Element Mechanical Damage/
Fuel Elements in Transfer
4,6,8-13
(4) all space conditioners fail., or (5) scenario occurs outside of RCB.
Flask Drop Outside the RCB or with
Flask
Degraded or Ineffective Containment
Fuel Elements in Core, in
5 x 10 5
Flask or other heavy object dropped onto stored fuel from any height where fuel
5. Fuel Element Mechanical Damage/
1-13
may suddenly lose cooling or potentially result in a critical configuration.
Heavy Object Drop Resulting in Fuel the No. 1 Storage Block,
Overheating or Critical Configuration or in Storage in
Building 23, 27, 41, or 59
6. Tritium Release
Tritium in Heavy Water
Heavy Water Circuit boundary violated releasing greater than 2,000 liters
1-5
io- 2
Circuit
7. Tritium Release with Degraded or
Tritium in Heavy Water
Above with RCB: (1) degraded by initiator, (2) bypassed, (3) failure to isolate,
1-5
10"3
Ineffective Containment
or (4) all space conditioners fail.
Circuit
•Total mean frequency per year of all scenarios for all relevant POSs.

Table 10.1-5. Safety Criteria Issues Raised in the Literature
Issue
1. Individual versus Societal
Measures
2. Constant Risk versus Risk
Aversion
3.

Resolution in Proposed Objectives
Objectives use surrogate criteria. Individual and
societal measures require analyses beyond Level 1+.
Objectives essentially reflect constant risk view;
however, treatment of ineffective containment
allows measure of risk aversion to be included.
Objectives do not consider benefits; they are
compared versus implied acceptance limits.

Measure Acceptance (Compared
versus Benefits or versus Implied
Acceptance Levels)
4. Acceptance to Whom? (Worker, Objectives reflect acceptance to public. The
Owner, Public or Regulator?)
objectives do not reflect investment risk or worker

risk.
5.

Standards for New versus Old
Reactors
6. Scope of PSA Quantification

7.

8.

9.

10.
11.
12.

Objectives reflect standards for existing reactor.

Objectives require a full-scope analysis including
the consideration of external events, all operating
modes, and fuel handling activities.
Level of Criteria: Plant Systems, Objectives reflect preference for plant-level criteria
Fuel Damage or Tritium Release over system-level since ultimate interest is public
Frequency, Radionuclide Release health impact. The determination of release
Characteristics or Health
characteristics and health effects are beyond the
Effects?
Level 1+ scope of this study.
Practical Screening Limits
Analysis will ensure that frequency truncation will
not affect results even if truncated frequency is
added to frequency derived for severe plant damage
state.
Other Technical Issues
Analysis approach will be consistent with that used
in other state-of-the-art analyses including treatment
of common cause effects, consideration of recovery
given adequate time, and appropriate reflection of
state of procedural guidance. Special attention will
be paid to the issue of aging.
Mean values.
Which Measure of Uncertainty
Distribution is to be Used?
Surrogate Criteria
See item 7 above.
For objective 1, if the total fuel overheating is less
Meaning of Exceeding Criteria
than 5x10" 4 , then Level 1 issues adequately
addressed and confirmation of Level 2 response may
be considered. If less than 5 x 10"5 (Objective 2),
then can dispense with Level 2 confirmation. Fuel
handling and tritium related criteria should include
confirmation of Level 2 response.
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Figure 10.1-1. PDS Matrix for Transients and Leaks Effecting
Fuel in the RAT/Relationship with Proposed Criteria
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Figure 10.1-2. PDS Matrix for Loss of Cooling of Fuel in the No. 1 Storage Block/Relationship with Proposed Criteria
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10.2 Importance Measures And Sensitivity Analysis
There are numerous ways in which the HIFAR PSA study results can be interpreted. This
section presents several such interpretations. Key contributors and importance measures can be
presented for any set of sequences whose frequencies are quantified in the PSA. For this
discussion, we focus on two key groups of sequences: (1) the group of sequences that result in
fuel overheating (i.e., not including sequences stemming from heavy load drops whose
consequences are not currently known), and (2) the group of sequences that lead to a release of
significant amounts of tritium from the heavy water circuit but not to fuel overheating. These
two groups of sequences are to be compared against safety objectives 1 and 6 and are given the
names OBJEC1 and OBJEC6, respectively, in the PSA model software.
10.2.1 Initiating Event Contributors
The first set of results presents the contributions of each initiating event to sequence groups
OBJEC1 and OBJEC6. This is the most common way of presenting results from a nuclear plant
PSA. Sensitivities on the frequencies of each initiating event can then be easily performed by
scaling the OBJEC1 and OBJEC6 results by the ratio of the base case initiator frequency to the
new result. Earlier, in Section 5.4 for internal events and Section 6 for external events, the
contributions from these two groups of sequences were presented separately. Table 10.2-1 lists
the contributions of all initiating events to category OBJEC1. The column labeled
"Unaccounted" refers to the sequence frequency truncated during event tree quantification. This
is kept small for each initiating event considered so that it can be discounted compared to the
sequence group frequency of interest. This ability to accurately compute the total frequency
truncated is a unique feature of the software used for the HIFAR PSA.
The results in this table were obtained by summing all of the end state frequencies in the family
that makeup the sequence group OBJEC1. This value is slightly higher and is more accurate
than is obtained by summing just the frequency of sequences saved to the sequence database
during sequence quantification. Most of the following reports in this section, including all of
those obtained from importance measures, are based only on the sequences saved to the database,
rather than the complete set quantified. However, the two group totals are actually very close.
For example, the total frequency of sequences compared against safety objective 1 is
2.5774 x 10"4 per year, whereas the sum of safety objective 1 sequences saved to the database is
2.5549 x lO"4, or more than 99% of the total.
Two categories of leaks to the heavy water plant room (LDPR2 and LDPRM) are the first and
third ranked contributors to OBJEC1. Earthquakes in the range just below and just above 0.23g
acceleration contribute second and fifth most to OBJEC1. The leading transient initiating event
is TD2PT5, which involves tripping of the main heavy water pumps.
Table 10.2-2 lists the contributions of all initiating events to category OBJEC6. Two of the top
four initiating events to this family also involve leaks to the heavy water plant room; i.e., events
LDPR1 and LDPR2. Losses of offsite power account for the second highest contributor. A fire
(FIRE2) originating in the operating liquid level pump is the third leading contributor to this
sequence total.
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It is sometimes convenient to group the initiating events into similar categories and to then
compare the frequencies of whole families of initiating events. Table 10.2-3 compares the
contributions of different categories of initiating events to both OBJEC1 and OBJEC6 sequence
groups. Internal initiating events are found to contribute the most to both OBJEC1 and OBJEC6,
with leaks of heavy water accounting for most of the total from internal initiating events. Within
the category of initiating events referred to as externals, earthquakes contribute the large majority
of the OBJEC1 frequency, and extreme fires originating within the plant contribute the most to
the OBJEC6 category.
10.2.2 Sequences Grouped by Classes of Equipment Failures
Another way to group event sequence frequencies is by the key equipment and operator action
failures in an event sequence. Table 10.2-4 lists the frequencies of some key groups of
sequences with similar equipment and operator failures. These group frequencies were
computed by interpreting the sequences in the saved sequence database. The approach used to
compute each group's frequency is to define the group in terms of top event states and initiating
events to be considered and let the software interrogate the sequences to see which satisfy the
group definitions.
ATWS (anticipated transients without scram) is the name given to sequences involving failure of
the reactor trip system; i.e., Top Event CCA fails. In the HIFAR PSA model, these sequences
are assumed to result in fuel overheating.
Station blackout is the name given to sequences in which both offsite and onsite AC power
sources fail; i.e., Top Events OG, SSA, and SSB all fail. At HIFAR, these are defined to include
failure of power from the offsite grid, together with the failure of both emergency diesel
generators. The definition of station blackout used for HIFAR in Table 10.2-4 does not consider
the success or failure of the rig diesels or of the Detroit and Lister diesel generators in
Building 4. Neither of these other onsite power supplies can be used to power key cooling
pumps, which is the reason they are not considered when determining the frequency of station
blackout events. The frequency of station blackouts that actually result in fuel overheating is
only a small fraction of the total station blackout frequency. This is largely due to the capability
of the RAT flooding system, which does not depend on AC power to operate.
With the current plant design, the frequency of requiring the RAT flooding system to operate is
seen to be fairly high; i.e., greater than 1 x 10"3 per year. However, the frequency of failures of
RAT flooding (failure to manually initiate it or equipment failures) leading to fuel overheating is
significantly lower. Nevertheless, this group of sequences makes up a large fraction of the total
frequency of fuel overheating at HIFAR.
10.2.3 Importance Measure Results
This section presents the results of selected importance measure calculations. The importance
measures are defined in Section 3. Tables 10.2-5 and 10.2-6 present the importance measures for
the highest ranking event tree top event failures to the sequence groups OBJEC1 and OBJEC6,
respectively. The full reports from the PSA software are presented in Appendix G. For these
tables, the top events are ranked according to probabilistic fractional importance. Top event
probabilistic fractional importance ranks the top events by the frequency of sequences in the
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group that include failure of the top event itself. Consequential, or guaranteed failures of the top
events due to dependencies on other events (e.g., due to support system failures) are excluded
from this type of ranking. The probabilistic fractional importance rankings gives the best
indication of the significance of failures involving the systems represented by the top event.
The top event importance reports presented above combine the effects of failures for all
boundary conditions of the indicated top event. It is also possible to rank the events for
individual boundary conditions of each top event. We refer to these unique boundary conditions
as split fractions. The highest ranking split fractions to sequence families OBJEC1 and OBJEC6
are presented in Tables 10.2-7 and 10.2-8, respectively. In these tables, the split fractions are
ranked by Fussel-Veseley importance. The full PSA software reports from which these top
ranking split fractions were identified are included in Appendix G.
By combining the split fraction importance to a sequence family with the basic event importance
to each split fraction, it is possible to rank the importance of individual basic events in the
system fault tree models to any sequence group. The highest ranking basic events to sequence
families OBJEC1 and OBJEC6 are presented in Tables 10.2-9 and 10.2-10, respectively. In
these tables, the basic events are ranked by Fussel-Veseley importance. The full PSA software
reports from which these top ranking basic events were identified are included in Appendix G.
10.2.4 Contributions of Plant Operating States
Another way to interpret the results is to examine which of the defined plant operating states
contributes the most frequency to OBJEC1. Table 10.2-11 presents the contribution to family
sequence category OBJEC1 by plant operating state. These results were obtained by examining
the split fraction importance report and summing over each of the split fractions used for each
plant operating state. As expected, the largest contribution comes from plant operating state
POS-5, Startup and Full-Power Operation. This was expected because so much of the HIFAR
program cycle is spent during startup and full-power operation. The next largest contribution
comes from plant operating state POS-2, Maintenance Period. This was also expected because
of the system maintenance performed during this state. The instantaneous risk level is higher by
a factor of almost three during POS-2 as compared to POS-5 because of the maintenance
activities.
10.2.5 Sensitivities
Other risk importance measures can be used to rank each element of the PSA model. This
section describes the results of assessments to determine the potential usefulness of specific plant
changes, procedure enhancements, and additional engineering analysis. The cases examined and
the results for each case are presented in Table 10.2-12. A brief discussion of each case is
provided below.
One consideration is that of the HIFAR arrangement of the discharge from scavenge pump A.
Currently, it discharges into the RAT directly over the weir line allowing a portion of the
makeup flow to be diverted to the main heavy water storage tank. If the weir line was always
isolated when required to prevent diversion of heavy water leakage from the plant room to the
main heavy water storage tank (i.e., guaranteed success of Top Event OWI), then the frequency
of fuel damage (i.e., sequence family OBJEC1) would be reduced. In the current model,
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redirection of the ECCS discharge is equivalent to assuming that the weir line is always isolated
when required. The reduction in fuel overheating frequency was estimated by defining a
sequence group that involve leak initiated sequences, Top Event OWI failed, and plant damage
states beginning with RC or RP; i.e., complete or partial fuel overheating. The fuel overheating
frequency is then reduced by about 40%. We understand that ANSTO is considering redirecting
the discharge of scavenge pump A so that it does not discharge above the weir overflow line.
The second sensitivity case in Table 10.2-12 assumes that the RAT flooding line is automated
within the RCB so that manual action to align it need only be performed outside the RCB.
Recall that the failure to perform the alignment within the RCB was judged to govern the overall
probability of failing to align for RAT flooding. We believe it very likely that the ECCS
discharge will be redirected. Therefore, this postulated design change is examined assuming that
both changes are implemented. As for sensitivity case 1, the redirection of the ECCS discharge
line is simulated by assuming that Top Event OWI is always successful for leaks.
The effect of automating the RAT flooding line within the containment will depend on how this
change is implemented and on what procedural guidance and training is subsequently given to
the operators. The current PSA model for RAT flooding includes a term for a key mains water
valve being in maintenance at the time of the accident as well as the possibility that the operators
fail to align the system in the required time. The valve maintenance unavailability limits the
RAT flooding system unavailability to 2.2 x 10"3, even if the operators are assumed to always be
successful. Assuming that redundant paths for aligning RAT flooding within the RCB will be
included in the design, we expect that the probability of failing both paths would be small
relative to the maintenance unavailability noted. For this sensitivity case, we assume that the
design change to automate RAT flooding effectively improves the RAT flooding unavailability
to 2.2 x 10"3 except for leaks with both AC power buses unavailable. AC power is assumed
required for automation of the RAT flooding within the RCB. For nonleaks, credit is given for
recovery of AC power, even if lost initially for an extended time.
The results of the above defined sensitivity case are shown in Table 10.2-12. The frequency of
fuel overheating is reduced to 1.5 x 10^ per year. This is a modest improvement over the results
for sensitivity case 1. However, such design changes would have the desired effect of
eliminating the alignment of RAT flooding from the list of key contributors. The remaining
sequences after these changes are implemented would be those from earthquakes, ATWS, and
support system failures, including losses of mains water.
Station blackout sequences are often important contributors to risk. At HIFAR, the frequency of
such sequences leading to fuel overheating is not so important, but may be relatively more
important in the future after some design enhancements. One option is to add a third diesel
generator to provide power to the standby supply buses. It would be most useful in sequences
where offsite power is lost and the existing two diesel generators fail.
Since the third diesel generator would be a backup to the first two, the method of aligning the
third diesel generator must be considered. Three options are considered feasible:
1. Automatic alignment including assessing the status of the first two diesel generators.
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2. Manual switching through permanently connected devices after the operator determines
which standby supply bus it should be connected to.
3. Manual connection of the third diesel generator without permanently connecting the
devices.
Design details are currently insufficient to accurately distinguish between these three
alternatives. However, one point should be made. The time available to recover from a station
blackout at HIFAR is limited by the time to overheat the heavy water main and shutdown pumps
in the heavy water plant room. In the absence of definitive information on this issue, the study
team chose the time available as the time for the heavy water in the RAT to reach 70°C; i.e.,
roughly 40 minutes. Unless additional analysis is provided to extend this allowable recovery
time, the design of the third diesel should consider that manual alignment must be accomplished
within this time. Otherwise, these key pumps would remain inoperable and RAT flooding would
be required to provide fuel cooling even though AC power is restored.
In the base case HIFAR results, only a very small fraction of fuel overheating results from
extended losses of all AC power; i.e., 3.4 x 10"* per year. This is just 1% of the total frequency
of fuel overheating at HIFAR. This frequency is determined by summing the frequencies of all
sequences involving failure of offsite power, both standby buses and the failure to recover power
within 40 minutes; i.e., Top Events OG, SSA, SSB, and RED all fail.
These extended station blackout sequences are currently mapped for comparison against safety
objective 2 as well as safety objective 1. This is because the space conditioner system cannot
function without AC power and loss of this system is assumed to result in a degraded or
ineffective containment. Recovery after 40 minutes could result in these sequences not leading
to a failed containment and therefore not being compared against safety objective 2; however,
this was not considered in the initial PSA model. The conservatism introduced is small.
Extended station blackout sequences make up fully 22% (or 5.4 x 10"4 per year) of the frequency
of sequences compared against safety objective 6; i.e., tritium releases without fuel damage.
However, safety objective 6 for HIFAR is already met.
There appears to be little risk incentive to reduce the frequency of extended station blackout
sequences because of their already low contribution to risk. Addition of a third diesel generator
might lower the current frequency by another factor of about 10; i.e., eliminating 90% of the
current risk contribution from extended station blackouts. This can be seen in Table 10.2-12 in
which the revised frequency of fuel overheating assuming credit for a third diesel generator is
taken.
The reactor shielding/plant room seismic fragility is the dominant contributor to fuel overheating
caused by earthquakes. Additionally, this same fragility governs the frequency of fuel
overheating sequences with a degraded containment; i.e., for comparison against safety
objective 2. It is a recommendation of this study that additional seismic fragility analysis be
performed to better describe the seismic failure modes of this structure and its capacity to
withstand earthquakes. Sensitivity case 4 estimates the frequency of fuel overheating that might
be obtained if the outcome of such analysis showed that the reactor shielding/plant room seismic
fragility was instead similar to that for the RCB; i.e., a median of 0.4g and a HCLPF of 0.25g.
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The base case earthquake initiated fuel overheating frequency would be reduced from 8 x 10 s to
3.3 x 10'5 per year. Since the remaining fuel overheating frequency would still be driven by
these two prominent fragilities, the frequency of fuel overheating with containment degradation
would also be reduced the same amount. These results were obtained by first modifying the split
fraction values for seismic Top Event ZFDC to reflect the assumed new fragility curve for the
reactor shielding/plant room. The PSA model was then rerun to determine the revised frequency
of fuel overheating. The resulting key sequences were then examined to verify that the
earthquake initiated sequences leading to fuel overheating also involve containment degradation.
The frequency of fuel overheating resulting from ATWS was found in the base case HIFAR PSA
to be 3.8 x 10"5 per year. Recall that the base case model took no credit for the mitigative effect
of the safety rods in the event that the CCAs fail to insert. The study team argued that even if
fuel damage would not occur in the short term for loss of cooling sequences, xenon decay would
lead to additional reactivity increase in the long term. In comments on the draft report, both
ANSTO and the NSB have suggested that more recent analyses have shown that fuel overheating
would not occur in the short term. The question can then be raised how much the fuel
overheating frequency would be reduced if no damage was assumed in the short term and it
could be shown that no damage would occur in the long term following xenon decay. This can
be estimated by an examination of the contributors to ATWS related fuel overheating. The base
case frequency is 3.8 x 10 s per year. Of this, all but approximately 2.8 x 10"6 per year results
from sequences in which there is an initial loss of forced cooling. Therefore, more than 90% of
the current ATWS related contribution to fuel overheating comes from sequences that involve
only a loss of cooling; not from reactivity insertions.
Secondary safety objective 5 is exceeded by a substantial margin at HIFAR. Recall that this
objective is for sequences in which heavy objects are dropped onto stored fuel. Irradiated fuel
elements from HIFAR are stored both inside and outside the RCB. If a flask drop over the
reactor top plate and No. 1 Storage Block does not lead to damage that can alter the fuel cooling
geometry or to a critical configuration, then there would be no possibility for fuel overheating.
This sensitivity case was defined to estimate the reduction in the frequency of sequences
compared against safety objective 5 if drops inside the RCB could be eliminated from further
consideration.
The two most frequent plant damage states assigned to safety objective 5 are IMSS and IMSR.
These states involve the dropping of heavy objects other than flasks loaded with fuel onto the
No. 1 Storage Block and RAT, respectively. The frequency of such sequences can be read
directly from the RISKMAN PSA model results. The contributors are also shown in Section 5.5.
Together, these two end states account for 3.0 x 10"3 of the total 3.3 x 10'3 frequency compared
against safety objective 5. The total frequency of drops onto stored fuel outside the RCB is
2.0 x 10"4. Therefore, safety objective 5 would be exceeded even if all drops inside the RCB
could be shown to be uneventful from the point of view of fuel damage. Conversely, the
performance of additional analysis to show that heavy load drops onto spent fuel outside the
RCB could not result in fuel overheating would have even less impact.
Sensitivity case 8 in Table 10.2-12 considers the impact of potential enhancements of procedures
for three classes of sequences.
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The first class of sequences considers the procedural guidance for control of RAT flooding for
losses of forced cooling when there is no leak present. At the time of this study, the procedures
at HIFAR did not address this class of sequences. The current frequency of fuel overheating
sequences in which the operators fail to initiate RAT flooding during a loss of heavy water
cooling is 6.5 x 10"6 per year. This is determined by summing the frequency of all sequences in
which split fraction ORF1 fails. Similar to the argument developed earlier for sensitivity case 2,
the unavailability of RAT flooding is unlikely to be improved below a value of 2 x 10"3 per
demand. Therefore, the expected improvement in the fuel overheating frequency is unlikely to
be greater than 4.4 x 10"6 per year.
However, the study team still believes that revisions to the existing procedures are warranted.
The procedure revision should specify what conditions warrant the initiation of RAT flooding
when forced cooling is lost, in what manner and using what instrumentation the operators should
use to control the flow rate from RAT cooling. One concern would be if the RAT pressure
would be caused to increase near its pressure design limit, as described in Section 5.1.
The second class of sequences considers the procedures for isolation of the RCB in sequences in
which only tritium is released. Currently, the automatic containment isolation signal does not
operate if only tritium is released. The PSA model takes no credit for the operators isolating the
RCB in such sequences because it is not clear if they would in fact do so. Consequently, the
criterion for secondary safety objective 7 is exceeded. In all of the sequences whose frequency
governs the comparison to safety objective 2, the operators have time to isolate the RCB. If the
procedures are revised to instruct them to do so, we would expect that they would, with high
probability, manually isolate the RCB. If we assume that the error rate for failing to do so is
similar to action H0IB1 (i.e. 1%), then effectively the frequency of HIFAR sequences compared
to safety objective 7 would be reduced by 99%; i.e., to roughly 2 x 10"5 per year and well within
the recommended criteria.
Third, and final case related to procedure enhancements, involves operation of heavy water plant
room flooding for sequences other than very large leaks; e.g., for losses of all forced cooling to
the RAT. In the current HIFAR design, the operators must manually align RAT flooding from
within the RCB. However, heavy water plant room flooding can be aligned solely from outside
the RCB. In the absence of heavy water forced cooling, the operators could flood the plant room
using mains water and then use the scavenge pumps to circulate this cool water into the RAT.
The introduction of mains water would have the side benefit of keeping the plant room cool
extending the time available to restore the heavy water pumps. Such sequences would only be
useful when AC power is available to run at least one scavenge (ECCS) pump and mains water
cooling is available. The frequency of such sequences leading to fuel overheating in which RAT
flooding also failed is 1.13 x 10"4 per year. Therefore, if no changes are made to RAT flooding,
this would be an alternative approach to provide a backup cooling system for losses of forced
cooling.
The current HIFAR PSA model takes no credit for the shield cooling system. It is believed to
possibly be effective at removing decay heat for sequences in which there is no heavy water leak;
i.e., if there is no leak shield cooling need not maintain heavy water temperatures below 70°C to
allow continued scavenge pump operation. Light water cooling (Top Event H2O) provides heat
exchanger cooling for the shield cooling system, so this system must be operable for successful
shield cooling. Currently, no analysis is available to show that the shield cooling system would
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be effective. A sensitivity case was run to determine the estimated reduction in fuel overheating
frequency if credit could be taken in such sequences. As seen in Table 10.2-4, the estimated
frequency reduction is small; i.e., less than 1% of the current fuel overheating frequency. This
frequency was computed by defining a group of sequences that involves no leaks, Top
Event ORF failed, Top Event H2O success, and the plant damage states involve either partial
(RPxxxx) or complete (RCxxxx) overheating of fuel in the reactor.
Table 10.2-13 addresses one particular question, that of the performance of the active
containment systems at HIFAR. These systems include the space conditioners, the containment
isolation system, and the RCB ventilation systems. The simplest measure of their performance is
obtained by simply comparing the frequency of fuel overheating sequences in which the
containment is effective to those in which it is not. Table 10.2-13 shows that fully 40% of the
fuel overheating sequences at HIFAR also involve a degraded or ineffective containment. As
described in Section 2, however, this relatively high percentage results from the direct
dependence of containment on key initiating events, especially earthquakes. This percentage
does not result from the performance of the active containment systems but from the assumed
capacity of the containment structure itself to withstand earthquakes.
The bottom row of Table 10.2-13 shows how the active containment systems perform for fuel
overheating sequences if there is no dependence on the initiating event. The conditional
probability of containment failure or ineffectiveness is reduced by nearly two orders of
magnitude, to .0043.
A portion of these failures results from support system failures, and others from the random
failures of the active containment systems. The right-hand column of Table 10.2-13 shows how
the conditional probabilities would change if there were no random failures of the active
containment systems. The average overall initiators would be essentially unchanged. The
conditional probability of failure for initiators not directly impacting active containment system
performance would decrease from .0043 to .0028. The remaining .0028 probability stems from
support system failures such as a loss of electric power or mains water to the space conditioners.
These active containment system results for HIFAR are judged to be reasonable, and typical of
other nuclear reactor designs. Improving the reliability of the active containment systems at
HIFAR further would have only a marginal benefit, even if all direct dependencies on the
initiating events are eliminated. Improving the reliability of both the active containment systems
and their supporting systems (e.g., AC power) would be beneficial. However, such
improvements will not have a material effect on the results until the direct dependencies of the
containment on the initiating events (especially earthquakes) are fully resolved.
The next section on aging utilizes the risk achievement importance measure to identify key
systems and components of concern. The several different importance measures for each model
element (e.g., top event, split fraction, basic event, etc.) are provided in Appendix G.
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Table 10.2-1 (Page 1 of 2). Initiator Contributions Sequence Group: OBJEC1
Total Frequency for the Sequence Group = 2.5774E-04
Initiator
Frequency
Unaccounted
LDPR2
4.7588E-05
1.5989E-09
EQ2
3.8110E-05
1.2021E-08
2.8700E-05
LDPRM
3.7835E-10
1.9151E-05
TD2PT5
2.5397E-09
1.7882E-05
EQ3
6.2972E-08
LDPR3D
1.6838E-05
7.6621E-10
EQ4
1.4324E-05
5.8907E-08
LDPR1
9.4691E-06
3.6572E-09
8.3206E-06
TDHPT5
2.0266E-09
TH2PT5
6.7797E-06
1.9121E-09
5.1837E-06
SBRP
1.6829E-10
4.7801E-06
EQ1
1.1502E-09
3.8187E-06
EQ5
1.0963E-09
SLOSP
3.8016E-06
5.4085E-09
SMAIN
3.3626E-06
5.8110E-10
3.2721 E-06
TMRI5
1.6346E-09
WIND5
3.0858E-06
3.7603E-10
LDPR3U
2.4163E-06
3.7499E-10
SBLOSP
2.3465E-06
1.4180E-10
TFLB
2.3408E-06
1.6221E-10
WIND4
2.1961 E-06
5.7759E-10
TMRI3
1.5773E-06
1.3483E-09
TH1PT5
1.5414E-06
1.3934E-09
1.2779E-06
LOI
1.1779E-09
EQ6
1.1099E-06
6.5454E-11
LDL2
9.9969E-07
2.8658E-10
WIND6
9.0977E-07
1.9523E-10
LHX
7.7912E-07
1.1821E-09
FIRE2
6.6089E-07
9.2841E-10
6.4977E-07
TD1PT5
1.1287E-09
SBMAIN
4.0868E-07
3.0356E-11
TDSPT2
3.7625E-07
1.1231E-09
3.1411E-07
TIRT5
3.0498E-09
SEIB
2.9178E-07
1.9517E-09
TDSPT1
2.8920E-07
1.1569E-09
2.8852E-07
SEIA
1.6389E-09
FIRP1A
2.7431E-07
1.5588E-10
FIREP1
2.6734E-07
5.6815E-10
FIR19A
2.6070E-07
1.1525E-09
TH2PT1
2.5641E-07
7.7223E-10
FIRE17
2.5449E-07
1.9443E-09
FIRE18
1.9174E-07
9.3454E-10
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Table 10.2-1 (Page 2 of 2). Initiator Contributions Sequence Group: OB JE Cl
Total Frequency for the Sequence Group = 2.5774E-04
Unaccounted
Frequency
Initiator
8.8456E-11
SBSSSA
1.0724E-07
8.0572E-10
TDSPT4
l.OlOlE-07
9.7603E-08
6.8658E-10
LST23
1.9734E-09
WIND2
6.7719E-08
1.6318E-09
SPNLN
6.4445E-08
5.3959E-08
6.5475E-10
FIREP6
5.2648E-08
1.1627E-09
FIRE8
2.5127E-09
5.2126E-08
WINDl
5.1714E-10
FIREPA
4.1164E-08
1.4629E-09
FIRE7
3.9774E-08
1.2065E-09
FIRE9
3.7831E-08
FIRE10
3.5384E-08
7.2039E-10
TIRT3
3.3237E-08
1.8804E-09
1.1605E-09
WIND3
3.0609E-08
1.2712E-09
FIRE6
2.9366E-08
2.0368E-08
1.7109E-09
FIRE11
FIRE5
1.9959E-08
1.0093E-09
FIRE3
1.7365E-08
1.1604E-09
FIREP7
1.4636E-08
4.1374E-10
1.3530E-08
1.8683E-09
SSSA
FIRE 13
9.8813E-09
1.4255E-09
3.2002E-10
LST1
9.2838E-09
1.3313E-10
LWEIR
7.6494E-09
1.1570E-09
TRTSC1
6.3709E-09
FIRE1B
1.2371E-09
5.9829E-09
3.9722E-10
FIREP3
5.5928E-09
SSSB
4.9349E-09
1.2097E-09
FIRE14
1.1384E-09
3.7210E-09
8.1914E-12
SBPF
2.7974E-09
FIRE16
1.6804E-09
7.8536E-10
FLOOD1
9.4611E-10
4.8386E-10
FIRE1A
8.1262E-10
1.2030E-09
FLOOD2
6.9588E-10
4.9804E-10
TH1PT1
3.2284E-10
5.1288E-10
TMSB
2.4674E-10
1.3878E-10
THSB
1.4984E-10
1.5456E-10
TCCA5
1.1264E-10
9.3884E-11
FIREP2
3.6745E-10
9.2919E-11
FIREP5
9.2458E-11
3.6828E-10
FIRE15
8.3122E-11
7.4751E-10
FIRE 12
8.3122E-11
7.4683E-10
FIRE4
7.6407E-11
7.9666E-10
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Table 10.2-2 (Page 1 of 2). Initiator Contributions to Sequence Group: OBJEC6
Total Frequency for the Sequence Group =
Initiator
Frequency
9.0562E-04
LDPR1
5.7153E-04
SLOSP
2.8040E-04
LDPR2
FIRE2
1.0664E-04
TDSPT2
6.0526E-05
5.0534E-05
TIRT5
5.0449E-05
LO1
4.6667E-05
TDSPT1
SEIB
4.6353E-05
4.5822E-05
SEIA
.
FIRE17
4.0476E-05
LHX
2.1677E-05
TD1PT5
1.9277E-05
TDSPT4
1.6308E-05
1.3007E-05
TD2PT5
WIND2
1.0522E-05
FIRE8
8.3898E-06
WIND1
8.0911E-06
SPNLN
7.7362E-06
FIRE7
6.1138E-06
FIRE9
6.0346E-06
TDHPT5
5.6508E-06
FIRE10
5.6293E-06
TIRT3
4.7418E-06
TH2PT5
4.6043E-06
WIND3
3.5559E-06
FIRE6
3.5330E-06
FIRE11
2.5482E-06
FIRE5
2.4044E-06
TMRI5
2.2062E-06
FIRE3
2.0935E-06
LST23
2.0808E-06
FIRE13
1.2475E-06
SSSA
1.1962E-06
TH1PT5
1.1575E-06
1.0133E-06
TRTSC1
FIRE1B
9.7412E-07
LDPR3D
9.6099E-07
7.9593E-07
TMRI3
SSSB
7.8513E-07
FIRE14
5.9429E-07
2.9887E-07
FIREP6
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23727E-03
Unaccounted
3.6572E-09
5.4085E-09
1.5989E-09
9.2841E-10
1.1231E-09
3.0498E-09
1.1779E-09
1.1569E-09
1.9517E-09
1.6389E-09
1.9443E-09
1.1821E-09
1.1287E-09
8.0572E-10
2.5397E-09
1.9734E-09
1.1627E-09
2.5127E-09
1.6318E-09
1.4629E-09
1.2065E-09
2.0266E-09
7.2039E-10
1.8804E-09
1.9121E-09
1.1605E-09
1.2712E-09
1.7109E-09
1.0093E-09
1.6346E-09
1.1604E-09
6.8658E-10
1.4255E-09
1.8683E-09
1.3934E-09
1.1570E-09
1.2371E-09
7.6621E-10
L3483E-09
1.2097E-09
1.1384E-09
6.5475E-10

Table 10.2-2 (Page 2 of 2). Initiator Contributions to Sequence Group: OBJEC6
Total Frequency for the Sequence Group =
Initiator
Frequency
2.7295E-07
FIRE16
2.3717E-07
EQ2
TH2PT1
2.3074E-07
2.2852E-07
FIREPA
LST1
1.9902E-07
1.6349E-07
LWEIR
FLOOD1
1.4914E-07
1.3956E-07
FIRE1A
1.2325E-07
LDPR3U
FLOOD2
1.1222E-07
EQ1
9.2190E-08
WIND4
8.2670E-08
FIREP7
8.1425E-08
TH1PT1
5.6219E-08
TMSB
4.0651E-08
FIR19A
3.5621E-08
FIRP1A
3.4523E-08
FIREP3
3.0861E-08
2.6324E-08
EQ3
FIRE18
2.6152E-08
THSB
1.6252E-08
FIRE15
1.1804E-08
FIRE12
1.1804E-08
FIRE4
1.1027E-08
3.4916E-09
WIND5
EQ4
2.5083E-09
FIREP2
5.6974E-10
FIREP5
5.6937E-10
FIREP1
1.5802E-10
6.7596E-11
TCCA5
WIND6
3.1259E-11
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23727E-03
Unaccounted
7.8536E-10
1.2021E-08
7.7223E-10
5.1714E-10
3.2002E-10
1.3313E-10
4.8386E-10
1.2030E-09
3.7499E-10
4.9804E-10
1.1502E-09
5.7759E-10
4.1374E-10
5.1288E-10
1.3878E-10
1.1525E-09
1.5588E-10
3.9722E-10
6.2972E-08
9.3454E-10
1.4984E-10
7.4751E-10
7.4683E-10
7.9666E-10
3.7603E-10
5.8907E-08
3.6745E-10
3.6828E-10
5.6815E-10
9.3884E-11
1.9523E-10

Table 10.2-3. Contributions of Initiating Event Groups
to Sequence Families OBJECl and OBJEC6
Initiator Group
All Internals
• Leaks
Transients
Support Faults
• Storage Block Faults
All Externals
• Earthquakes
• Wind
• Fire
Total for All Initiators
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OBJECl Frequency
1.69E-04
1.08E-04
4.50E-05
7.83E-06
8.05E-06
8.87E-05
8.00E-05
6.34E-06
230E-06
2.58E-04

10.2-13

OBJEC6 Frequency
2.16E-03
1.26E-03
2.27E-04
6.73E-04
0
2.11E-04
3.58E-07
2.22E-05
1.88E-04
2.37E-03

Table 10.2-4. Frequency of Fuel in Reactor Overheating for Selected
Sequences Grouped by Similar Equipment/Operator Failures
Sequence Frequency Group
Total Frequency of Fuel Overheating

Frequency per
Year
2.6E-04

ATWS Caused Fuel Overheating

3.8E-05

All Station Blackouts

5.5E-04

•

Unrecovered Station Blackouts
Leading to Fuel Overheating

3.4E-06

•

All Challenges to RAT Flooding

1.9E-03

•

Failures of RAT Flooding Leading to
Fuel Overheating

2.0E-04

\DIST\REPORT\SECT 10.2.DOC.01/15/98

10.2-14

Analysis Approach
From summary initiator report
for sequence group OBJEC1.
Sequences with Top Event
CCA failed and end states
beginning with RC or RP.
All sequences with Top
Events OG, SSA, and SSB
failed.
All sequences with Top
Events OG, SSA, SSB, and
RED failed and plant damage
states beginning with RC or
RP.
All sequences with Top Event
ORF successful or failed and
end states beginning with RC,
RP,orRT.
Like above but only for end
states beginning with RC or
RP.

Table 10.2-5. Highest Ranking Top Events to Sequence Family OBJECl
Sorted by Probabilistic Fractional Importance
Top
Event
ZFDC
ORF
OWI
CCA
OL2
HSBM
GSB
OIA
OIB
SBOP
RED
ESA
ESB
SSA
SSB
RTP
RTS

Description
Earthquake caused failures of reactor shielding block
or RCB structure.
Operators fail to initiate RAT flooding when required.
Operators fail to isolate weir line when required to
prevent heavy water transfer to 1V3.
Coarse control arms fail to insert.
Operators fail to isolate leak before level falls below
L2.
Operators fail to provide makeup to No. 1 storage
block.
Wind caused failures of Group B structures, with
median failure capacities of 150 mph.
Operators fail to isolate compressed air to RCB and to
shed electric loads.
Operators fail to manually isolate the RCB.
One of two No. 1 storage block cooling trains fail to
start and operate.
Recovery of heavy water forced flow.
ECCS train A signal fails.
ECCS train B signal fails.
415V standby supply A fails.
415V standby supply B fails.
Failure of primary guard reactor trip signal.
Failure of secondary guard reactor trip signal.
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Probabilistic Fractional
Importance
.30
.24
.21
.15
.045
.030
.024
.019
.019
.017
.017
.016
.016
.016
.016
.016
.015

Table 10.2-6. Highest Ranking Top Events to Sequence Family OBJEC6
Sorted by Probabilistic Fractional Importance
Top
Event
OL2
RED
SSA
SSB
OWI
D2O
SPA
OG

Description
Failure of operators to isolate a leak before RAT level
reaches L2.
Failure to recover heavy water forced flow after D2O
shutdown pumps both fail to start.
Failure of 415 V AC power at standby supply board A.
Failure of 415 V AC power at standby supply board B.
Operators fail to isolate weir line when required to
prevent transfer of heavy water to 1V3.
Failure of both heavy water shutdown pumps to start
and operate.
Failure of scavenge pump A to start and operate
during a leak
Failure of AC power from the offsite grid.
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Probabilistic Fractional
Importance
.38
.29
.27
.27
.24
.10
.036
.025

Table 10.2-7. Highest Ranking Split Fractions to Sequence Family OBJEC1
Sorted by Fussel-Veseley Importance
Split
Fraction
ORF4
OWI2

ZFDC2
PROG2
CCA1
ZFDC3
ZFDC4
POS2N
ORF3
HSBM1

OL21

own
ORF1

Description
Operators fail to initiate RAT flooding given a
12 1/sec leak to the heavy water plant room.
Operators fail to isolate the weir line to prevent
heavy water transfer to 1V3 given a 121/sec leak to
the heavy water plant room.
Earthquake caused failures of reactor shielding walls
or RCB structure, for. 115g to .23g range.
Fraction of time spent in programs in which pond
cleaning takes place.
Four of six CAs fail to insert when primary and
secondary guard reactor trip signals are available.
Earthquake caused failures of reactor shielding walls
or RCB structure, for .23g to .3g range.
Earthquake caused failures of reactor shielding walls
or RCB structure, for .3g to .5g range.
Fraction of time spent in POS-2 (maintenance
period) during normal 28-day programs.
Operators fail to initiate RAT flooding given a
.281/sec leak to heavy water plant room.
Operators fail to provide makeup to No. 1 storage
block cooling given pipe break or loss of cooling
flow.
Failure of operators to isolate leak before L2 given
.28 1/sec leak to plant room.
Operators fail to isolate weir line to prevent heavy
water transfer to 1V3 given 12 1/sec leak.
Operators fail to initiate RAT flooding given a
station blackout with no leak of heavy water.
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Fussel-Veseley
Importance

.18
.18
.15
.13
.13
.07
.05
.036
.031
.028

.027
.027
.026

Table 10.2-8. Highest Ranking Split Fractions to Sequence Family OBJEC6
Sorted by Fussel-Veseley Importance
Split
Fraction
OL21

SSS4
SSB4

RED2X

RED2

PROG2
POS2N
D2O1I

SPS2
POS1N

D2O3I

Description
Failure of operators to isolate a .28 1/sec leak to the
heavy water plant room before RAT level reaches
L2.
Failure of both 415V standby supplies given loss
of both line supplies (or offsite power).
Conditional failure of 415 V standby supply B
given loss of both line supplies and of standby
supply A.
Failure to recover AC power from offsite and
restart the D2O shutdown pumps within 40 minutes
given a station blackout, no maintenance of pumps
possible.
Failure to recover AC power from offsite and
restart the D2O shutdown pumps within 40 minutes
given a station blackout, maintenance possible on
pumps.
Fraction of time spent in programs with pond
cleaning during shutdown.
Fraction of time spent in POS-2 (maintenance
period) during normal 28-day programs.
Failure of both heavy water shutdown pumps to
start and operate given all support available but no
maintenance of pumps possible.
Scavenge pump A (1P3/1) unavailability for
conditions when no maintenance is possible.
Fraction of time spent in POS-1 (planned reactor
shutdown cooldown period) during normal 28-day
programs.
Failure of both heavy water shutdown pumps to
start and operate given standby supply B is
unavailable and no maintenance of pumps is
possible.
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Fussel-Veseley
Importance
.35

.26
.26

.24

.24

.13
.042
.038

.029
.028

.027

Table 10.2-9. Highest Ranking Basic Events to Sequence Family OBJECl
Sorted by Fussel-Veseley Importance
Basic Events
D2O_HERR_OWI2
H2O_HERR_ORF4

RPS_CRASFODCCF
SB_HERR_OSB1
H2O_HERR_ORF3
D2O_HERR_OL21
D2O_HERR_OWI1
ECS_PPL3PLGDRNLN
H20_HERR_ORF1
MW_MANVMAINT_W15
EPS_LOSP_NR40
RPS RLYMFOD1CS1
RPS RLYMFOD2CS2
RPS RLYMFOD3CS1
RPS RLYMFOD4CS2
RPS_RLYMFOD5CS1
RPS_RLYMFOD6CS2
RPS RLYMFODPGTP1
RPS RLYMFODPGTP2
RPS RLYMFODSGPF
RPS RLYMFODSGTY1
RPS RLYMFODSGTY2
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Description
Operator fails to isolate weir line during
12 1/sec leak to the heavy water plant room.
Operator fails to initiate RAT flooding given
a 12 1/sec leak with scavenge pump A
operating.
Common cause failure of two or more CCAs
to insert on demand.
Failure to align backup cooling to storage
block given no forced cooling
Failure to initiate RAT flooding given
.281/sec leak.
Failure to isolate .28 1/sec leak, scavenge
pump A operating.
Failure to isolate weir line given 12 1/sec lean
and scavenge pump A operating.
Instrument drain line blockage.
Operator fails to initiate RAT flooding given
a station blackout.
Maintenance on mains water supply valve
W15 used for RAT flooding.
Failure fraction to recover electric power
from offsite within 40 minutes.
Common cause failure of all (four or more)
secondary relays associated with the neutron
flux doubling time period channels.

Common cause failure of all (four or more)
the relays associated with the restricted trip
system - guard relay, primary guardline
relays (2) and secondary guardline relays (2).
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Fussel-Veseley
Importance
.18
.18

.13
.028
.028
.027
.027
.016
.016
.015
.013
.013

.013

Table 10.2-10. Highest Ranking Basic Events to Sequence Family OBJEC6
Sorted by Fussel-Veseley Importance
Basic Events
D2O_HERR_OL21

EPS_LOSP_NR40
EPS DGENFTSSDA
EPS_DGENFTSSDB
EPS_DGENFTRSDB
EPS_DGENFTRSDA
EPS_DGENFTSSDB
EPS_DGENFTSSDA
D20 PMPSFTS1P21
D2O_PMPSFTS1P22
D2O_HERR_ORED1

EPS_OFFSITE
D2O_HERR_ORED5

D2O_HERR_OL23
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Description
Operator fails to isolate a .281/sec heavy
water leak before the RAT reaches L2, given
scavenge pump A only is operating.
Failure fraction to recover electric power
from offsite within 40 minutes.
Common cause failure of emergency diesel
generators SDA and SDB to start on demand.
Failure of emergency diesel generator SDB
to run for 6 hours.
Failure of emergency diesel generator SDA
to run for 6 hours.
Failure of emergency diesel generator SDB
to start on demand.
Failure of emergency diesel generator SDA
to start on demand.
Common cause failure of heavy water
shutdown pumps 1P2/1 and 1P2/2 to start on
demand.
Operators fail to restart main heavy water
pumps given both shutdown pumps fail, no
leak.
Unavailability of AC power from offsite
following an initiating event.
Operators fail to restart main heavy water
pumps given both shutdown pumps fail with
reactor shutdown and RAT isolated, no leak.
Operator fails to isolate a .281/sec heavy
water leak before RAT level falls to L2.
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Fussel-Veseley
Importance

.35

• .24
.089
.078
.077
.041
.041
.035

.027

.024
.024

.021

Table 10.2-11. Plant Operating State Contributions* to Sequence Group OBJEC1
Plant Operating State

Percentage of Plant
Operating States

Percentage of Objective 1
Frequency

Cooldown
3.6
1.7
Maintenance
18.4
7.4
Low Power
0.9
1.0
Fuel Replacement
1.3
0.6
Startup and Full Power
86.8
78.3
Total OBJEC1 Frequency
2.5 x 10"4
Note: Excludes fuel overheating in No. 1 storage block from Objective 1 total.
POS-1:
POS-2:
POS-3:
POS-4:
POS-5:
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Table 10.2-12. Frequency of Fuel in Reactor Overheating for Selected Sequences Grouped
by Similar Equipment/ Operator Failures
Frequency per Year
2.6E-04
Revised fuel damage
frequency is 1.6E-04
(40% reduction).
Automation of the RAT flooding line within
Revised fuel damage
containment assuming that the ECCS line A
frequency is 1.5E-04
discharge is also redirected.
(about 50% reduction).
Permanent installation of a third diesel generator
Revised fuel damage
that is independent of the existing two.
frequency is 2.6E-04
(about 1% reduction).
Performance of additional seismic fragility analysis Revised earthquake
to show that the reactor shielding/plant room
initiated fuel damage
fragility is increased to be similar to that for the
frequency is 3.3E-05 per
RCB; i.e., median of .4g and HCLPF of .25g.
year (60% reduction).
Performance of additional analysis to show that the Revised fuel overheating
fuel does not overheat if the coarse control arms and frequency from ATWS is
safety rods fail to insert for losses of main coolant
2.8E-06 per year
flow/cooling.
(reduction of 93%).
Performance of additional analysis to show that
Revised frequency of
flask drops over the reactor top plate and No. 1
2.0E-04 per year, but still
storage block do not lead to fuel damage.
in excess of criteria for
objective 5.
Performance of additional analysis to show that
Revised frequency of
heavy load drops onto spent fuel outside the RCB
3.1E-03peryear(6%
do not lead to critical configurations.
reduction).
Enhancement of existing procedures for:

Sequence Frequency Group
Total Frequency of Fuel Overheating
1. Redirection of the ECC S line A discharge from
above the weir line.
2.

3.

4.

5.

6.

7.

8.

•

Control of RAT flooding for losses of forced
cooling with no leak present.

•

RCB isolation for tritium release only
sequences.

•

Initiation of heavy water plant room flooding
for other than large leaks.

9. Estimated Reduction in Fuel Overheating
Frequency if Shield Cooling Effective
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Fuel overheating
frequency reduced
4.4E-06 per year.
Revised frequency for
safety objective 7 to
2E-05 per year.
Revised frequency of fuel
overheating is 1.5E-04
per year.
3.5E-06 per year

Table 10.2-13. Performance Measures for Active Containment Systems at HIFAR

Sequence Group

Conditional Probabilities of Degraded or Ineffective
Containment Given Fuel Overheating
With Perfect Active Containment System
Base Case
Reliability (Le., Support System Failures Only)

Average over all
initiators.
For initiators not
directly effecting RCB
performance.
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.40

.40

.0043

.0028
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10.3 Aging Assessment
10.3.1 Objectives and Approach
The objectives of the aging assessment for HIFAR are (1) to determine if there is a potential
impact on initiating event frequencies, (2) identify from a probabilistic safety perspective
whether specific systems require upgrading or replacement, and (3) determine if aging-related
changes are likely to trigger interactions between systems that may adversely affect safety.
The identification of the affects of aging on safety is receiving increased attention in the
probabilistic safety community. This is because of the increasing age of the earliest completed
reactors, and the debate over the prospects for plant life extension as plants reach their expected
life. Conceptually, incorporation of the affects of aging into a PSA model is straightforward if
the component failure rates can be specified as a function of time since equipment renewal, or
plant age otherwise. The usually assumed constant failure rates are simply replaced by the
time-dependent ones and the model is then reevaluated at different times.
While in theory straightforward, to date no experience based time-dependent failure rates for
typical plant equipment types have been generated. Suggested time-dependent failure rates, for
purposes of discussion have been proposed, but upon further investigation these failure rate
models are not derived from experience data. In practice, the amount of experience data that
must be collected and interpreted to develop time-dependent failure rates with meaningful
uncertainties is very large. These demands are made still more difficult by the lack of detail in
plant maintenance records that are not usually set up to provide information about the time of
failure since the component's last renewal, and certainly not for the many years of data needed to
infer time-dependent failure rates. These limitations also apply to the equipment performance
data available for HIFAR. For passive and other components that have not been renewed, the
age of HIFAR (i.e., 37 years) itself is problematical. There are few plants older than HIFAR
from which equipment performance data could be projected into the future for HIFAR.
Conclusions from the companion Remaining Life Study for HIFAR (Reference 10.3-1) indicate
that time-dependent failures of passive, nonreplaceable structures at HIFAR are not expected.
Rather, it was concluded that age dependent failures would largely be attributed to the
fabrication techniques used. In other words, the age of the plant is sufficient that future failure
should be considered as possible unless specific inspections show otherwise.
For these reasons, this study does not attempt to develop HIFAR specific time-dependent failure
rates that could be used for a quantitative assessment of aging. Instead, this study attempts to
identify candidate plant equipment and structures that may be susceptible to aging, estimate
upper limits of the age dependent failure rates that may be experienced before equipment
renewal is likely to take place, and assesses the impact on plant risks if these upper limits of the
failure rates are in fact realized.
The process used to identify plant equipment potentially susceptible to aging is multifaceted.
First, as part of the seismic risk evaluation, a detailed plant inspection and walkdown was
undertaken. Though primarily used to qualitatively assess the component susceptibility to failure
in an earthquake, this walk down also served to familiarize the study team with the relative age
of plant structures and components and stimulated discussions about plant upgrades,
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modifications, and equipment replacements that have already occurred throughout the operating
history of HIFAR.
Second, a summary of the key upgrades and other activities that have taken place over the years
was prepared. Table 10.3-1 summarizes the activities that have been identified. Only the key
activities can be listed due to the shear volume of tasks that have been performed in the plant's
history. These activities are organized by the systems or structures they are related to so that the
age assessment can also be performed by system or structure.
The entries in Table 10.3-1 were identified from a variety of sources. The HIFAR major
shutdown reports were reviewed as part of the companion Remaining Life Study
(Reference 10.3-1) to this one. The pertinent parts from Table 2-2 of Reference 10.3-1 are
incorporated into Table 10.3-1. Additional information was obtained by records of plant
activities over the years (Reference 10.3-2).
However, many of the improvement activities through the years were not well documented, at
least not in a form suitable for input to Table 10.3-1. Therefore, the study team solicited the
input of experienced personnel working at HIFAR (Reference 10.3-3). The personnel consulted
did not review the entire, completed table, and so it is quite possible that the list could be
significantly augmented.
The dates listed in Table 103-1 should be viewed as approximate. Some dates are more accurate
than others. In some cases, the activities lasted over several years. In others, only the task close
out dates are available in plant records, and the actual work performed may have occurred years
earlier. These approximate dates are viewed as adequate for the purposes of this assessment. In
this assessment, only equipment and structures that have not been renewed or inspected in the
last 20 years are considered candidates for potential aging impacts. Up to 20 years of age, the
failure rate data used in the initial quantification of the HIFAR PSA models is judged to be
adequate. The generic database used is derived in part from plants with ages up to about
20 years.
As a first step in assessing whether there is a potential impact of aging on initiating event
frequencies, the figures in Table 10.3-2 were prepared. Table 10.3-2 lists the internal initiating
events that apply to reactor operation, the base case initiator frequencies, and the revised
frequencies that would be required to increase the base case fuel damage frequency by a factor
of 2. The figures in Table 10.3-2 provide insights into the magnitudes of the aging effects that
would be required to be risk significant.
To determine if the aging of a structure or component could potentially impact plant safety, the
importance measures described in Section 10.2 were reviewed. Table 10.3-3 summarizes the
active systems and components found to rank high in their potential impact on the risk of fuel
damage. The importance measure used for this ranking is risk achievement worth; i.e., where the
failure probability of the component is set to 1.0, and the resulting factor on the fuel damage
frequency or the frequency of fuel damage with containment failure is determined. Potentially
risk important components were judged to be those with a risk achievement factor greater than 2.
The approach followed was to review the historical record of upgrades and other activities for
each system and structure, judge the effect of each, and make a conclusion as to whether the
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potential for aging-related degradation was likely. The results in Tables 10.3-2 and 10.3-3 were
then used to judge whether the identified potential aging effects could be risk significant.
Components or structures found to have both a potential for aging, and a high risk achievement
worth or initiating event frequency impact were assessed further. A revised probability of failure
for the component or structure was then judgmentally assigned to bound the assumed potential
impact of aging. The revised failure frequencies so assigned are not considered the likely
increases in failure frequency for the remainder of the operating life of HIFAR, as these values
are not known. They are to be considered as bounds to the true time-dependent failure rates that
could conceivably occur. These bounds were selected in part on the assumption that if higher
failure rates were exhibited, ANSTO would take steps to replace the aged equipment. The
failure rates that could trigger replacement were judgmentally assigned by the study team. The
revised failure rates and initiating event frequencies were then incorporated into the PSA models
for HIFAR to estimate the potential effects of aging on risk.
10.3.2 Potential for Aging at HIFAR
The potential impact of aging on the risk of commercial nuclear plants received a significant
amount of attention in the 1985-1992 time frame in the U.S. (Reference 10.3-4). A significant
amount of the effort focused on the development of methodologies to explicitly consider the risk
impact of aging. Data to support these efforts was generally derived from expert elicitation. The
impact of changing aging management schemes (such as changing effective testing intervals)
was investigated. One methodology developed (Reference 10.3-4) focused on the historical
evidence of aging.
The methods considered primarily the "active" components important to safety in power plants.
In other words, the aging effects of components such as valves, batteries, and pumps were
evaluated rather than the effects of "passive" components such as wiring, piping, and structures.
This emphasis of active components remains a weakness of state-of-the-art PSA-oriented aging
investigations.
PLG also performed an evaluation of the evidence of aging (Reference 10.3-5) starting with the
in-depth evaluation of the operating histories including operational strategies (i.e., testing,
maintenance, surveillance, refurbishment, and replacement) of a class of motor-operated valves
over a 17-year period at a specific power plant. Our evaluation confirmed the importance of the
consideration of changes in operational strategies and concluded that the impact of aging, if any,
was small. For specific groups of valves, the evidence suggested that the valve performance was
actually improving as time passed and additional experience in system operation and testing was
gained. The experience of one particular group of valves did suggest that modest degradation of
performance was occurring.
These findings are viewed as reasonable for plants in which regular maintenance is performed on
such active components. At HIFAR, key cooling pumps (e.g., main heavy water, shutdown
heavy and light water cooling pumps, scavenge pumps, etc.) are regularly overhauled. During
such overhauls, the pump and motors are dismantled and inspected for wear. The pumps are
rebuilt using new bearings, seals, and any other internal parts showing wear. The motor
insulation and winding resistance is checked. The motors are rewound if defects are found.
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Such policies are consistent with good practice and regular servicing. Therefore, we again
expect no appreciable evidence of aging on the failure rates of such components.
With the above considerations as general background, the following paragraphs discuss the
expected aging impacts on each of the systems and structures listed in Table 10.3-1.
•

Reactor Containment Building. The impact of aging on this structure is judged to be
minimal. An integrated leak rate test, in which the pressure is increased to the design
limit, is performed twice a year. Measured leak rates have improved over the last several
years, as compared to earlier test results.

•

Reactor Shield Block/Heavy Water Plant Room. There is no conclusive evidence that
this structure is effected by aging. However, it is known that the shield cooling coils
have leaked for many years. No samples of the concrete in the effected areas are
available so that the impact of this leakage on the structural steel is unknown. The
Remaining Life Study (Reference 10.3-1) concluded that this impact was worth
investigating further. We concur with this assessment and further recommend that in any
new evaluation of the reactor shield block for seismic capacity, that the effects of this
leakage be considered. This issue may also impact the assessment of heavy load drops
onto the top plate, and should be considered in assessments of this issue as well.

•

Auxiliary Plant Room. The current age of the building and the newly added diagonal
braces were considered in the walkdown in support of the fragility analysis for seismic
events.

•

Building 70. This building was only first constructed in the early 1980s, and therefore
has no significant potential for aging effects.

•

Control Room. There have been numerous upgrades of the control room panels,
especially for chart recorders, but no systematic replacement activity for the back panel
cabling. This poses the concern that control room panel fires may increase with plant
age. The current PSA models for control room fires do not increase the control room
panel fire frequencies to allow for aging. However, the total frequency of control room
fires would have to increase by a factor of 1,326, just to double the current fuel damage
frequency of 2.37 x 10^ per year. This means that aging would have to increase the total
frequency for all control room panel fires from the base case assumption of 1 x 10"3 per
year, to more than once per year. This seems very unlikely and therefore the potential
effects aging in the control room are judged to be small.

•

Emergency Control Room. This structure has little impact in the determination of fuel
damage frequency in the base case PSA. It does house a portion of the RAT flooding
system, and controls for containment systems. It is considered to be of robust seismic
capacity. The effects of aging on this structure are seen as minimal.

•

Reactor Aluminium Tank. The reactor aluminium tank (RAT) was the subject of
detailed investigation in Reference 10.3-1. It was observed that there was good
chemistry control of the heavy water circuit and no evidence of corrosion was found.
The fuel element nozzle seats are inspected for wear every major shutdown. With the
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possible exception of the RAT inlet plenum chamber skirt, Reference 10.3-1 concluded
that the RAT was found not to be susceptible to aging. The inlet plenum chamber skirt
was found to possibly crack in the event of a 20-minute or more loss of forced heavy
water flow provided worst case material properties, including the effects of significant
aging, were assumed.
Two potential impacts of skirt failure are movement of the fuel elements sufficiently to
prevent reactor trip (judged by the PSA study team to be very unlikely given the
clearances between elements), and a possible reactivity insertion due to colder water
flowing up around the outside of the fuel elements as a result of flow bypass through the
crack. The potential reactivity insertion is also judged to pose little risk provided the
reactor trip system is available. The frequency of such a temporary loss of forced flow is
expected to be less than .01 per year. The likelihood of plenum skirt failure is judged to
be very small, though deterministically cannot be ruled out with existing evidence. The
PSA study team concludes from these observations that the risks posed by aging of the
RAT are negligible and that the best approach to completely resolving the issue is to
obtain HIFAR-specific information to relax the perceived conservatism in the assumed
material properties.
Reactor Steel Tank. The helium cover gas pressure in the reactor steel tank (RST) is
used to monitor for leaks. In Reference 10.3-1, however, it was concluded that corrosion
may have possibly degraded the outside wall thickness of the RST. While no substantial
degradation of the RST's ability to support the RAT or contain a heavy water leak is yet
evident, it is judged reasonable to postulate that this capability may eventually be lost due
to aging. The assessed frequency of leaks from the RAT to the RST is 7.4 x 10'5 per
year. Therefore, if no credit is assumed for the containing feature of the RST, the fuel
damage frequency would only increase by about 30%, even if no credit is assumed for
RAT flooding mitigating the leak. This potential impact of aging is judged to be small.
Nuclear Fuel. The nuclear fuel elements are regularly replaced due to burnup of the fuel.
No impact of aging is possible.
Reactor Trip System. Components of the reactor trip system are seen to have a large
risk achievement importance. The high frequency of trip demands at HIFAR makes the
reliability of the reactor trip system paramount. The activities listed in Table 10.3-1
show that many of the key elements of the reactor trip system have been replaced. The
coarse control arms especially are regularly replaced and serviced. However, the RPS
relays are, with few exceptions, only replaced when failures are reported; judged to occur
less than once per year. The increase in failure rates caused by aging of these
components is unknown. We expect, however, that if the number of failures were to
increase noticeably due to aging, actions would be taken to replace the remaining as yet
still functional relays. As an upper limit, it is assumed that such a strategy would take
place if three or more RPS relay failures occurred in a single year. The estimated number
of demands on such relays in a single year from tests, unexpected reactor trips, and
planned shutdowns is about 300. This translates to an increase in the relay individual
failure rate to .01 per demand. We further assume that the proportion of failures that are
attributed to common cause remain constant. Using this revised RPS relay failure rate in
the base PSA models gives an increase in fuel damage frequency to 7.11 x 10^ per year,
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or about a factor of 3 higher than the base case. Therefore, aging of the RPS relays could
conceivably become important.
•

Heavy Water Circuit. Table 10.3-1 lists a large number of activities related to
maintaining the heavy water circuit and related equipment. For the reasons described
earlier, routine repair and servicing of the heavy water circuit valves and pumps is
believed to provide effective mitigation against the potential impacts of aging on these
components. Reference 10.3-1 concluded that the heavy water circuit chemistry was very
good and that no evidence of significant corrosion could be found. One potential
corrosion mechanism could, however, not be ruled out based on existing measurements;
i.e., that of oxygen produced by radiolysis leading to corrosion in the high stress regions
of the heavy water circuit; e.g., elbows in the heavy water plant room. The bulk heavy
water oxygen measurements may not reveal the true oxygen concentrations seen by these
regions during power operation. The results in Table 10.3-2 show that the assessed
frequency of leaks to the heavy water plant room would have to increase by factors of 5
to 258 in order to increase the total fuel overheating frequency by a factor of 2. With the
exception of the small leak rate (i.e., initiator LDPR1, to a leak frequency of .34 per
year), the revised leak frequencies would still be consistent with the available evidence of
no failures in DIDO class reactor experience. It is concluded that greater assurance is
needed that chemistry in the high stress regions of the heavy water circuit is adequate to
justify the assessed leak rates when considering the affects of aging on the system.

•

Light Water Circuit. Table 10.3-1 lists a large number of activities related to
maintaining the light water circuit and related equipment. For the reasons described
earlier, routine repair and servicing of the light water system pumps is believed to
provide effective mitigation against the potential impacts of aging on these components.
Good water chemistry control since the replacement of the two heat exchangers in the
early 1970s, and the replacement and regular inspection of key system piping, implies
that this system has been effectively renewed. As recently as 1985, however, the shield
cooling system heat exchangers were found to be corroded and had to be replaced. As a
result of system operation with leaking coils, further aging of these heat exchangers
cannot be ruled out. In the base PSA model, no credit is given for the shield cooling
system, so this potential aging impact does not influence the fuel overheating frequency.

•

Scavenge Pumps/RAT Pressure Relief. Table 10.3-1 indicates that this system was
effectively renewed since 1980. Therefore, no significant potential for aging impacts is
expected.

•

Liquid Level System. For the reasons described earlier, routine repair and servicing of
the liquid level system pumps is believed to provide effective mitigation against the
potential impacts of aging on these components. Failure of the liquid level system pumps
has a very low risk achievement worth because leaks to the RST contribute so little to the
base case estimates of risk.

•

RAT Flooding System. This system was essentially installed new in the early 1990s.
No appreciable aging impacts are foreseen.
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•

Plant Room Flooding System. This capability was installed in the mid-1980s, and is
therefore relatively new. It also has little impact on the risk at HIFAR in the base case
PSA models.

•

Shield Cooling System. This system was refurbished in the early and mid-1980s. It is
susceptible to aging due to continuous leakage and makeup from the circuit as described
earlier. However, no credit was given for this system in the base case PSA. Therefore,
the aging impact is negligible in the current assessment.

•

Space Conditioners. This system was substantially, but not completely, renewed in the
1980s. We understand that the system continues to exhibit reliability problems and is
currently being considered for upgrade or replacement. The space conditioners do not
contribute to the fuel overheating frequency but do contribute to the frequency of fuel
overheating with degraded or ineffective containment. In the base case PSA
quantification, approximately 36% of the sequences involving fuel overheating also
involve failure of the space conditioners. The frequency of fuel overheating sequences
with degraded containment could increase by a factor of about 2.5 if the space
conditioners continued to degrade. This system should be considered as potentially
impacted by aging.

•

Containment Isolation. Selected valves and the water seals of the containment isolation
system have been replaced in the last several years. The system is also tested weekly.
Aging could conceivably occur in the containment isolation actuation system but we
would expect more than 2 or 3 train failures in a year to result in action to renew the
system. Since both trains have to fail to defeat the automatic containment isolation
signal, we would expect the failure rate of both trains together to be increase to no more
than about 3/52*. 1 = .006; where the 0.1 factor is the assumed common cause factor.
Currently, the fuel overheating sequences with containment degraded account for
approximately 40% of the total sequences leading to fuel overheating. An increase in the
containment isolation failure probability to .006 would therefore be a negligible increase.
We therefore conclude that the aging of the containment isolation system would
contribute negligibly to risk.

•

Normal and Active Extract Ventilation. Neither of these systems contribute to the
frequency of fuel overheating or to fuel overheating with degraded or ineffective
containment. Therefore, the impacts of aging in these systems is negligible. In addition,
selected portions of the active extract system were substantially renewed in recent years,
so that substantial aging effects on overall system performance is not expected.

•

Standby Active Ventilation System (SAVS). This system was installed approximately
20 years ago but some new valves were installed about 15 years ago. Failure of SAVS
does not contribute to the fuel overheating frequency. It is also tested weekly. If we use
the same bounding .006 failure probability as for containment isolation to represent the
maximum impacts of aging, we again see that the effect on the frequency of fuel
overheating sequences with degraded or ineffective containment would be negligible.
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•

Compressed Air System. New instrument air compressors and RCB isolation valves
were installed for this system in the last 10 years. We therefore believe the effects of
aging on this system to be negligible.

•

Offsite Electrical Power. HIFAR experience in the last half of 1996 (i.e., abnormal
occurrence report 811) suggests that portions of the non-emergency electrical system are
aging, even though other major portions of the system have been renewed. As a
bounding estimate of the effects of aging (for example, on the Substation No. 1
transformers or 33/11-kV transformers offsite), we assume that the frequency of losing
offsite power may increase from the currently assessed 0.28 events per year to as much as
two events per year before a replacement program would be initiated. We further assume
that such failures could not be repaired in less than 40 minutes. These assumptions
together suggest that the effects of aging on the equipment supplying power from offsite
may lead to an increase in the fuel overheating frequency from losses of offsite power by
a factor of (2/.28)*(l/.5) = 14; to 5.3 x 10'5 per year. This is an increase in the fuel
overheating frequency of only 21%, and is therefore judged insignificant.

•

Electric Power Feeds from Substation No. 2. The equipment distributing power from
Substation No. 2 has essentially been renewed in the last 5 years. No impact on aging of
this equipment is expected.

•

HIFAR Onsite Electric Power Supply System. This system was installed in the early
to mid-1980s. It is judged to be new enough to not exhibit any appreciable effects of
aging. Plant-specific diesel generator performance data were used in the baseline PSA
models.

•

Mains Water System. Much of the mains water piping is the original piping. The
system was last inspected thoroughly 5 years ago. Experience in the last 6 years indicates
that the frequency of pipe breaks is relatively high compared to nuclear plant piping data.
This site-specific experience data (i.e., two events in 6 years) was used in the PSA..
However, further aging is likely. We believe that the frequency of mains water pipe leaks
may approach twice a year before a substantial replacement program would be
undertaken. Assuming a leak frequency of two events per site-year, and continuing to
assume that approximately 1% of such underground pipe leak events would be
considered large, the fuel overheating frequency increases by only 16%.
The intermittently operated mains water supply pumps and cabling remain the original
equipment, although the fire booster pump was replaced in 1990. It is believed that aging
could impact the reliability of the supply pumps. As a bounding assessment of the
impacts of aging, we assume that one common cause failure to start of the supply pumps
may occur per year. Assuming one supply pump start demand per day gives a bounding
estimate for the common cause failure of the pumps to start of 1/365. Even at this rate,
the fuel overheating frequency increases by only 10%. The effect of aging on the pumps'
performance is therefore judged to be minimal.
The combined effects of further aging on mains water piping and the supply pumps was
considered. The increases in fuel overheating frequency are seen to be additive rather
than multiplicative so that the combined effects are also seen to be small.
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•

Vital Instrumentation Supply. Failures of this system contribute very little to the base
case fuel overheating frequency. HIFAR-specific failure rates were derived for the
motor-alternator sets and for the rig diesels. The risk achievement worth for this system
is less than a factor of two. This leads the study team to conclude that even if the
equipment were to further age significantly, the impact on the risk assessment would be
negligible.

•

Helium System. The helium gasholder isolation valves contribute neither to the fuel
overheating frequency nor to the effectiveness of the containment. Such valves were also
recently serviced in 1995. The aging effect on this equipment is judged to be negligible.

•

FE/ST Flasks. The FE and ST flasks are the original equipment. However, they rely
primarily on passive elements to perform their safety function, heat removal during fuel
transport. The FE flask also has an active air cooling system. The analysis in
Section 5.5.2 indicates that even if no credit for the air cooling system is assumed, the
risks from fuel overheating while in the FE flask is still negligible.

•

RCB Crane. The RCB crane was refurbished and a full scale load test performed in the
mid-1980s. It is understood that plans for upgrading the RCB crane are already
underway by ANSTO. No viable aging mechanism that would increase the frequency of
load drops has been identified. Currently the dropping of a flask containing fuel has not
been shown to result in fuel damage within the flask. The study team concludes that the
effects of aging on the RCB crane are not fully known but no adverse effects have been
identified. Dropping of heavy loads onto stored fuel may cause damage, but the extent of
radiological release that would result has not been determined. Further investigation of
this type of event is a recommendation of this study, independent of the aging question.

•

Storage Block Cooling System. The No. 1 Storage Block cooling system was installed
in 1988. This system is considered new and therefore not subject to aging.

10.3.3 Conclusions
The first objective of the aging assessment was to identify the potential impact of aging on
initiating event frequencies. Table 10.2-3 summarizes the increase in individual initiator
frequencies required to increase the current fuel overheating frequency by a factor of 2. A factor
of two increase would be sufficient for recommended HIFAR primary safety objective criterion 1
to be exceeded. For most transients and support faults, the required frequencies are so high that
renewal activities would likely be initiated long before such frequencies would actually be
observed. One exception is for core flow blockage. While such events may be age dependent
when defining the potential for internally generated objects, the base PSA has already considered
such objects in developing the base case frequency for this event.
The revised frequencies of leaks needed to increase the fuel damage frequency are also seen in
Table 10.3-2. The revised frequencies are still relatively small, and except for the smaller leaks
to the heavy water plant room, they are consistent with observable experience. At present,
consistent with the Remaining Life Study for HIFAR (Reference 10.3-1), there is no evidence to
indicate that significant aging has occurred or is likely to occur that might cause these revised
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initiator frequencies to be realized. Further assurances that heavy water chemistry is adequate
not only on a bulk basis but also in the high stress regions of the heavy water circuit was
suggested by Reference 10.3-1. In light of the fuel overheating frequency sensitivity to such
events, it is concluded that these additional assurances (that no significant corrosion in the higher
stress piping is taking place) should be obtained.
It is observed that the sensitivity of the frequency of fuel overheating to changes in the frequency
of leaks to the heavy water plant room will decrease significantly if the issue of the ECCS
discharging over the weir line is successfully resolved.
The second objective of the aging assessment is to identify specific systems requiring upgrading
or replacement at HIFAR. Three systems stand out when considering the specific systems that
may require further evaluation, upgrading, or replacement when accounting for the possible
impacts of aging. These three HIFAR systems are identified in Table 10.3-3 as the reactor trip
system, the mains water system, and the RCB crane.
The RPS relays are relatively old. If their failure rate on demand were to increase due to the
effects of aging, the impact on the estimated fuel overheating frequency would be significant;
i.e., more than a factor of three. The study team did not identify any evidence that such
increased failure rates were occurring nor likely to occur in the future. It is recommended,
however, that the performance of these relays carefully be monitored, and that replacement be
considered. The study team was not able to determine which of the RPS relays had been
replaced through the years. It may in fact be true, though it is considered unlikely, that many of
the relays have already been replaced in recent years.
The second system of interest for aging effects is the mains water system. Site-specific evidence
was already considered in the base PSA models. In the base fuel overheating frequency results,
mains water was found to be a very important system in large part due to aging of the system
piping. Further increases in the site piping leak rate, and in the Building 4 supply pumps'
reliability can be postulated. These additional aging effects would further increase the fuel
overheating frequency but not significantly so provided renewal takes place as additional
evidence is gained that the system is degrading further. Clearly this system has already aged
appreciably and should be considered for upgrading if improvement in the existing fuel
overheating frequency is desired.
The third system is the RCB crane. As noted in Table 10.3-3, the aging effects on this system
are not well documented. It is not possible for the study team to conclude whether they are or
are not significant. However, even without assuming any aging effects, the safety objective
frequency criteria considering heavy load drops (objectives 3,4, and 5) either are, or nearly are
exceeded. Degradation related to crane aging would only exacerbate this situation. This
suggests that it would be prudent to obtain a definitive statement of the effects of crane aging at
HIFAR.
The third objective for the aging assessment is to determine aging-related changes that may
trigger interactions between systems that might adversely affect safety. One such interaction was
identified in Reference 10.3-1 and is included here. The potential impact of shield cooling coil
leakage on the reactor shield block concrete and structural steel is of interest. It is postulated that
corrosion may have occurred with time and degraded the strength of the structural steel. The
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degree of steel degradation nor the available design margins are known. It was therefore not
possible to include such considerations in the assessment of the seismic capacity of the reactor
shield block. Recall that even without considering potential corrosion the reactor shield block
capacity limits HIFAR's ability to withstand strong earthquakes.
In the current study, the capability of the reactor shield block to withstand a heavy load drop onto
the top plate was also not assessed. This aging mechanism for the structural steel should be
considered in future assessment of heavy load drops.
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Table 10.3-1 (Page 1 of 6). HIFAR Upgrades/Replacements of Key Systems

3

I

System
Reactor Containment Building

Reactor Shield Block/Heavy
Water Plant Room
Auxiliary Plant Room
Building 70
Control Room

Emergency Control Room
Reactor Aluminium Tank

Reactor Steel Tank

Nuclear Fuel
Reactor Trip System

Upgrade/Replacement
Penetration closures and seals refurbished.
Building 42 PAL connection reinforced for seismic.
Equipment anchorages upgraded for seismic.
Air lock corrosion repaired.
None.
Diagonal braces added to structure for seismic.
Building 40 strengthened for seismic.
Newly constructed.
Numerous panel changes (e.g., chart recorders, new CIS mimic board,
etc.) over the years but back panel wiring largely the same.
EPSS mimic board installed.
Breathing air and ventilation upgrades.
Internals visually inspected and drainline stub replaced.
Internals visually inspected.
Downcomers raised to support Wolter's cooling.
Internals visually inspected.
Internals visually inspected.
Internals visually inspected; volumetric inspection of welds, wall
thickness measured, hardness survey, and surface replication.
Helium glands around risers and downcomers repacked during major
shutdowns.
RST drain line inspected.
Replaced regularly due to burnup.
MRL power and fuel element temperature recorders replaced.
CCA replaced.
Older ionization chambers refurbished every 3 years.

Date
1989
1994
1988
1994

N/A
~1993-1994
~ 1993-1994
1983-1984
Intermittent Replacement
Program 1990
1989
1993
1970
1973
1975-1976
1985
1991
1995
1979,1985, ...1995
1995
All Replaced in ~ 1 Year or
Less
1966
1966
1973

Table 10.3-1 (Page 2 of 6). HIFAR Upgrades/Replacements of Key Systems

%
C/l

PI

o

System
Reactor Trip System
(continued)

Upgrade/Replacement
Log power recorder replaced.
Low power instrumentation installed in horizontal facilities.
CCA blades replaced and bearings serviced.

CCA motor drive relays replaced.
Safety rods replaced when problems detected.

©

Heavy Water Circuit

CFET upgraded.
EFTCs replaced.
RPS relays replaced when fail, tested yearly.
Log period channels 1,2, 3 and cabling installed.
Ion chambers and cabling.
Replaced filter box in risers and downcomers.
D2O circulator overhauled.
Revised 11 main D2O valves diaphragms.
Overhauled SD D2O circulator.
Suction pipe to 1P2/1 rerouted.
Overhauled elbow at IE 1/2 outlet.
All main D2O valves diaphragms changed.
D2O circulator 1P1/B replaced.
Packing in risers, downcomers, weir, and drain lines renewed.
One cast elbow tested and replaced.
D2O piping alignment inspected.
Main circulator inlet valves renewed.
Main circulator to heat exchanger piping inspected and valves serviced.
Main circulator starter panels replaced.

Date
1981
1991
Every 2 Years, but Being
Extended to 10-12 Years for
New Blades
Every Year before Testing
1960s, Mid-1970s,1989, and
1990; Based on Drop Tests
1996
1990 (1&2), 1995 (3&4)
Varies
1990
1995
1963
1963
1966
1966
1966
1966
1966
1966
1966
1970
1973
1973
1985
1989

Table 10.3-1 (Page 3 of 6). HIFAR Upgrades/Replacements of Key Systems
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System
Heavy Water Circuit
(continued)

Light Water Circuit

Upgrade/Replacement
Broken stud from main circulator discovered.
All D2O valve diaphragms replaced.
D2O shutdown pumps tested to operate with D2O at level L2.
166 out of 209 Saunders valves were overhauled; expected replacement
every 8 years.
Sacrificial plates between aluminium risers, downcomers, weir line, and
drain line and the associated SS pipe work were inspected and cleaned;
lower circuit pressure tested.
Main D2O pumps are mostly the original with pump bowls serviced
about every 5-10 years.
D2O shutdown pumps regularly overhauled.
Water towers disassembled and cleaned.
Above ground light water piping examined and cleaned.
Heat exchanger 1E1A replaced.
Bottom bends in piping replaced.
Last of main H2O pump glands replaced with mechanical seals.
Two heat exchangers replaced.
Cleaning of towers.
Light water piping inspected and cleaned.
Cooling tower inspected and cleaned.
Cooling tower and pipework inspected, section from RCB to cooling
tower replaced.
Cooling tower, pipework and heat exchangers inspected.
Elbow at RCB inspected.
Heat exchangers inspected.
Shield cooling heat exchangers found corroded and replaced.
Install H2O motorized valve panel.
Cooling pond cleaned and sealed.

Date
1991
1991
1991
1995
1995

Variable; Pumps Run to
Failure
Every 5 Years
1962/1963
1963
1966
1966
1966
1970
1970
1970
1973
1979
1985
1985
1985
1985
1989
1990

6
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Q

©

Table 10.3-1 (Page 4 of 6). HIFAR Upgrades/Replacements of Key Systems
System
Light Water Circuit
(continued)

Scavenge Pumps, RAT
Pressure Relief

I

Liquid Level System
RAT Flooding System
Plant Room Flooding System
Shield Cooling System
Space Conditioners

Containment Isolation

Upgrade/Replacement
Cooling towers replaced.
Heat exchangers inspected.
Light water piping inspected and replaced from pumphouse to RCB,
headers inside RCB, and return to cooling towers; other piping
inspected.
Heat exchangers inspected.
Light water shutdown motors overhauled.
Cooling pond inspected and sealed.
H2O main pumps refurbished.
D2O to H2O leak detectors replaced.
Manually actuated ECCS installed.
Automatic start feature added, pumps and control sensors.
Scavenge pumps replaced; upgraded to run dry.
Burst discs regularly replaced.
Rebuild of pump starter cabinet.
Installed bridging pieces for arming; replaced some piping and original
valves.
Capability installed.
Rebuild of pump starter cabinets.
Refurbish pressure pump seals.
Split into three subsystems but original equipment.
Evaporative condensers replaced.
Automatic controls refurbished.
Building stainless steel water seals and new gate valves added.
CIA train A junction boxes found corroded and replaced.
Replacement of fission product detectors.

Date
1991
1991
1995

1995
1995
1995
1995
1995
Early 1970s
1980
1994
Every 2 Years
1989
1991
1984
1989
1989
1980
1988
Mid-1980s
1980
1995 MSD
1988

Table 10.3-1 (Page 5 of 6). HIFAR Upgrades/Replacements of Key Systems
System
Normal Ventilation

.3

Active Extract Ventilation
SAVS
Compressed Air System

o

Offsite Electrical Power,
Substations and Nonemergency Switchgear

Electric Power Feeds from
Substation No. 2
HIFAR Onsite Electric Power
Supply System (EPSS);
including DGs

Date

Upgrade/Replacement
Filter boxes replaced.
Weather-maker installed.
Minor improvements.
Replacement of fans and improvements to ductwork.
New system installed.
Butterfly valves installed.
Refurbishment of pipes and valves, installation of valves to isolate air to
RCB.
New instrument air compressors installed in APR.
Line supply buses and cables to substation 1 replaced when EPSS
installed.
Substation No. 1 batteries and battery charger replaced.
Low voltage substations (i.e., 1, 3, 5) including switchboards
(Sections 1 and 3) refurbished (bus bar supports/connections, new earth
bars).
Substation No. 1 transformers and cables to and from are original
equipment (two cables have suffered phase to phase shorts at the
transformer connections in the last 15 years).
11-kV switchboards and oil filled circuit breakers inspected.
Five MVA 33/11-kV transformers 1 and 2 were made in 1928 are robust
and have low demand (less than ~ 1/2 of rating), oil circuit breakers, and
cables to HIFAR are original equipment.
See above for supply from 11-kV main substation.
New feeders and MBS4 switchboard installed.
Detroit diesel installed and Lister diesel refurbished.
New system installed.
Busbars inspected.
Underground EPSS cables serviced and repaired.

c

1963
1990
1987
1995
-1976
1982
1989
1993
1983-1984
1990
1995-1996

For Information Only

1993-1994
For Information Only

For Information Only
1995
1995-1996
1983-1984
1985
1995

c

655
3

I

Table 10.3-1 (Page 6 of 6). HIFAR Upgrades/Replacements of Key Systems
System
Mains Water System

.3

Vital Instrumentation Supply

Helium System
I

FE/ST Flasks
RCB Crane

Storage Block Cooling

Upgrade/Replacement
200,000 gallons site reservoir installed.
Replace fire booster pump and control panel.
Control system for supply pumps installed.
Supply pumps and cables are original equipment.
Pipes inspected.
Rearranged to supply via rectifiers with battery backups.
Battery banks replaced.
DBR5 modified.
Original rig diesels still in use.
DB042 installed to replace DBI3.
Original MA sets replaced the new inverters.
Gas holder protection valves renewed.
Major helium valves refurbished.
Servicing of 45 valves.
Originals still in use.
Install FE flask fan auto start.
Added radio control communications.
Refurbished and 20-ton load test.
Upgrading of hoist brake.
Change out of aerial busways to insulated bus system.
New storage block installed.
After installation cooling circuit revisions.
Installation of pressure and flow indication.

Date
1973
1990
-1981
For Information Only
1991
1962
1973 and 1992
1975
For Information Only
1987-1990
1990/1994
1966
1979
1995

N/A
1989
1985
Mid/Late 1980s
1989
1990
1988
1986
1994

655

1

p

Table 10.3-2 (Page 1 of 2). Revised Initiator Frequencies Required to Increase Fuel Damage Frequency by a Factor of 2
Initiator
LDL2
LDPR1
LDPR2
LDPR3D
LDPR3U
LDPRM
LHX
LO1
LST1
LST23
LWEIR
TCCA3
TCCA5
TD1PT5
TD2PT5
TDHPT5
TDSPT1
TDSPT2
TDSPT4
TFLB
TH1PT1
TH1PT5
TH2PT1
TH2PT5
THSB
TIRT3

Base
Frequency
1.0000E-06
1.1900E-02
3.2800E-04
1.7800E-05
2.5400E-06
2.8700E-05
6.1200E-04
5.1800E-04
6.4600E-06
6.7500E-05
3.6900E-06
2.7400E-07
2.6700E-05
1.21O0E-01
4.3500E+00
1.8900E+00
5.5700E-03
1.1300E-02
2.0000E-03
2.6700E-06
1.4600E-02
3.5OOOE-O1
6.4300E-02
1.5400E+00
1.4900E-05
2.1200E+00

Factor
Increase
258
27
5.4
15
107
9.
331
202
27,758
2640
33,689
>2.57E+06
2.3E+06
396
13.5
31
891
685
2551
110
79,823
167
1005
38
1.67E+06
7,753

Revised
Frequency
2.58E-04
.34
2.1E-03
2.9E-04
2.73E-04
2.86E-04
.10
.10
.18
.18
.12
>70
61
48
63
60
10
7.8
5.1
2.9E-04
1,165
59
65
60
25
16,439

Description
Drain Line Leak to DPR, .28 -6 1/sec
Leak to DPR, < .28 1/sec; All POS
Leak to DPR .28-12 1/sec, All POS
Leak to DPR, Downstream of NRV, > 12 1/sec
Leak to DPR Upstream of NRV, > 12 1/sec
Leak to DPR due to Maintenance, > 12 1/sec
Leaks to Secondary via Heat Exchanger
Leak Outside the DPR, < .28 1/sec
Leak to RST, < .28 1/sec
Leaks to RST, > .28 1/sec
Weir Leak Inside RAT, < 61/sec
CCA Connecting Rod Fails, POS-3
CCA Connecting Rod Fails, POS-5
One or More D2O Pump Fail, POS-5
Main D2O Pumps Trip, POS-5, Recoverable
All D2O and H2O Main Pumps Trip, POS-5
Both D2O Shutdown Pumps Fail, POS-1
Both D2O Shutdown Pumps Trip, POS-2
Both D2O Shutdown Pumps Fail, POS-4
Flow Blockage, POS-3 and POS-5
One or More H2O Pumps Fail, POS-1
One or More H2O Main Pumps Fail, POS-5
One or More Main H2O Pumps Trip, POS-1
All H2O Main Pumps Trip, POS-5
H2O System Pipe Break, POS-1 and POS-5
Inadvertent Reactor Trip, POS-3

Table 10.3-2 (Page 2 of 2). Revised Initiator Frequencies Required to Increase Fuel Damage Frequency by a Factor of 2
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Initiator
TIRT5
TMRI3
TMRI5
TMSB
TRTSC1
SEIA
SEIB
SLOSP
SMAIN
SPNLN
SSSA
SSSB

Base
Frequency
1.6900E+01
3.5600E-01
7.3800E-01
2.5200E-06
3.3900E-01
1.3400E-02
1.3400E-02
2.8300E-01
2.0700E-04
4.7400E-02
1.7700E-02
1.7700E-02

Factor
Increase

820
79
79
1.04E+6
40,450

893
883
68
77
3,999
19,014
52,220

Revised
Frequency
13,882

28
59
2.6
13,713

12
12
19.5
.016
190.
337.
924.

Description
Inadvertent Reactor Trip, POS-5
Modest Reactivity Insertions, POS-3
Modest Reactivity Insertions
Mains Water Break Inside RCB, All POS
RT due to SCS OL&C Compliance, POS-5
Loss of ECCS Instrument A, All POS
Loss of ECCS Instrument B, All POS
Loss of Offsite Power
Loss of Mains Water
Loss of Panel N, > 30 minutes, All POS
Loss of Standby Board A, All POS
Loss of Standby Board B, All POS

Table 10.3-3 (Page 1 of 2). Active Components with Potential for Significant Impacts on
Fuel Damage Frequency (i.e., Risk Achievement Worths Greater than 2)

I
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PSA System Name:
Top Events
Reactor Trip:
RPS/RTP/RTS/CCA

Mains Water: MW
©
O

D2O Forced Cooling:
D2O/RED
EPSS (Emergency Power
Supply System):
SSA/SSB/SSS
Rat Flooding: ORF

Components
Common cause failures of:
• Primary/secondary guard relays.
• Secondary (slave) relays.
• Coarse control arms.
Independent failures of:
• Ion chambers.
• Logic trip modules.
• Log period meters.
• Buses MBS4/1, SB4/4, and associated breakers that may transfer
open.
• Mains water low level reservoir supply, water tower discharge
valves transfer closed.
• Common cause failure of mains water supply pumps.
• Mains water piping.
• Mains water tower including inlet valve transferring closed.
• D2O shutdown pumps.
•
•
•
•
•

Bus SSB.
Common cause failure of EPSS diesel generators.
Switches; e.g., SSA-66.
Undervoltage relays.
Mains water supply valve, W15, maintenance unavailability.

Comments
The effects of aging on the RPS relays
may be important; possible increase in
fuel overheating frequency by a factor
of 2.5.

Aging impact is partly quantified in
the base PSA model input data.
Additional aging of piping and supply
pumps would have a small (15% to
25%) increase in fuel overheating
frequency.
No significant impact of aging; pumps
are periodically renewed.
No significant impact of aging; system
relatively new.

No significant impact of aging; valve
previously renewed.

Table 10.3-3 (Page 2 of 2). Active Components with Potential for Significant Impacts on
Fuel Damage Frequency (i.e., Risk Achievement Worths Greater than 2)
PSA System Name:
Top Events
Non-emergency
Switchgear (Sections 1/3,
Line Supplies):
OG/SEC1/SEC3
RCB Crane

©
I

Components
• Common cause failure of room Cl ventilation fans.
• Bus failures: section 1/3, LSA/LSB, main, and 11-kV substation
bus.
• Associated breakers and switches transfer open.
• Associated transformers.
• Crane structural members
• Hook

Comments
Impact of aging not significant.

Aging effects are not currently
documented, but no viable aging
mechanism yet identified. Load drop
frequency could increase significantly
if aging effects are substantial
ECCS Pressure Relief: BD • Common cause failure of ECCS burst discs.
Impact of aging not significant; discs
periodically replaced.
Additional Components with High Risk Achievements to Fuel Damage with Degraded or Ineffective Containment
• Inside and outside isolation valves.
Impact of aging not significant; valves
Containment Isolation
• General and instrument air solenoid valves.
and water seals have been renewed.
Space Conditioners
• Compressor/chillers.
Impact of aging potentially significant;
• Fans.
potential upgrade currently being
considered.
• Common light water pump discharge valve transfers closed.
Light Water System
No significant impact of aging.
• Inlet/outlet crosstie valve 4025 transfers open.

APPENDIX A
SEISMIC WALKDOWN AND
EVALUATION REPORT

Appendix A. Seismic Walkdown
and Evaluation Report
A.1 Seismic Walkdown and Evaluation
An inspection and evaluation was performed of all risk-related equipment and structures that
house the equipment as input to the seismic risk assessment of the High Flux Australian Reactor
(HIFAR). Initially, a list of the equipment and structures was obtained from the analysts who
reviewed plant descriptions, process flow sheets, system descriptions, and other HIFAR
documentation to determine risk-related plant components. Each item on the list was then
inspected for apparent seismic strength and for deficiencies in design or installation, considering
its ability to resist lateral and uplift seismic loads. At the same time, the inspection looked for
nonrisk-related items whose failure might cause items of concern to fail.
There was another purpose for the inspection and that was to screen out those items that
obviously have essentially no chance of failing at a peak ground acceleration (PGA) that has a
predicted frequency too low to be of interest in this probabilistic risk assessment. To perform
such a screening requires a review of the site seismic hazard curves, experience and expertise in
prior seismic walkdowns, and the seismic fragility results from other low seismicity area projects
having equipment similar to that at HIFAR.
Seismic walkdown and evaluation sheets were filled out for each item inspected and are
contained in Section A.2. Photographs of many of the facilities were taken during the
walkdown, particularly where the item could not obviously be screened out without further
consideration. These photographs are referenced on the appropriate walkdown and evaluation
sheet and are contained in Section A.3. Additional seismic capacity consideration for items not
able to be screened out during the walkdown was given by referring to prior HIFAR plant
analyses performed by others, review of HIFAR drawings and calculations, and reference to
generic information and results from other projects having some similar equipment.
Table A-l lists the buildings and structures, as well as the systems and equipment, that were
inspected and for which specific walkdown and evaluation sheets were prepared.
The initial walkdown screening PGA was determined from the mean seismic hazard curve. A
PGA of 1 .Og was selected as the screening PGA because, conservatively assuming failure leads
directly to core damage, at the g level, the predicted mean frequency is about 1E-06 per year, too
low to be of interest when compared to the core damage frequency from other initiators.
After the initial screening (screened out items are noted in Table A-l, where a, the best estimate,
or median, acceleration capacity is indicated as "> 1.0 g"), the remaining items were evaluated
using the information noted above to assign either a best estimate fragility or a high confidence,
low probability of failure (HCLPF) value, whichever was most appropriate. The HCLPF value
is the PGA for which there is a 95% confidence that there is no greater than a 5% chance of
component failure at that value. This is equivalent to about a 1% chance of failure. The HCLPF
value was used in this study for cases where a deterministic study was performed for HIFAR by
others, with the result that infers either a high confidence of no failure at a particular "g" level, or
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that the component has been qualified to that level, presuming a likely higher failure capacity. In
other cases, the median seismic capacity, a, was estimated.
For the unscreened items, consideration to the uncertainty in a was given. The uncertainty can
be divided into two types. The first is randomness that relates to the variability built into the
effect of the earthquake at any "g" level; that is, earthquakes resulting in the same "g" level at a
site will have different energy contents and durations, and therefore can cause different
damaging effects. This randomness is expressed by the variable, PR, applied to a standard
Gaussian distribution that is a factor applied to a. No additional information could refine the
estimate of a. The other factor we will just call uncertainty and is identified by the variable, PU5
is also applied to a standard Gaussian distribution as a factor applied to a. With additional
information and detailed analysis, such uncertainty might be reduced. Thus, the fragility and
uncertainty of an item is given by the parameters a, PR, and $v.
The pR and Pu values from the fragility analyses performed for other low seismicity sites was
used as a basis for this evaluation. However, in this evaluation, it was desired to assign
conservatively low values of PR and $v. Because the initial point estimate computation of risk
are based on mean values, low values of py reduce the possibility of mean values being
unconservatively high. If, after performing the point estimate calculations, it is found that
seismic risk is a significant contributor, then more detailed fragility analysis of the dominant
seismic failures contributing to this risk can be performed to refine the fragility of the selected
components. Knowing the pR and p y values and either the HCLPF or best estimate fragility
value permits calculating the HCLPF, best estimate or median, and mean value parameters.
The results of the seismic evaluation or risk-related items for which failure models are
considered for the seismic analysis are summarized in Table A-2. Also included are the failure
modes.
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Table A-l (Page 1 of 3). Seismic Screening and Fragility Evaluation Walkdown Results
Buildings/Structures
Reactor Containment Building
Reactor Shielding/Plant Room
Control Room Ceiling
Building 24 - Secondary Cooling Pump House
Substation No. 1 - Normal Power Supply
Building 70 - Standby Power
Building 4 - Mains Water Boiler House
Rig Diesel Building
Building 73 (over Rig Diesel Building)
Emergency Control Room
ECR Ventilation Blower Shed
Building 41 (containing demineralized water system)
Building 23 - Spent Fuel Pool Building
Spent Fuel Storage Pool (in Building 23)
Water Tower
Secondary Cooling Pond
Building 17 - New Fuel Storage
Building 27 - Dry Spent Fuel Storage
Building 59 - Dounreay flask Storage
300V Battery Room Masonry Walls in Auxiliary Plant Room

a (g)
—

0.20*
>1.0
0.5
0.5
0.4
0.4

a<g>

© © p
p

A-3

0.5
>1.0
0.4
A A A A
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0.15*

0.25*
>1.0
0.5
0.5
>1.0
0.4
0.5
>1.0
>1.0
0.4
0.4
0.4
>1.0

System/Equipment
Secondary Cooling Circuit
• Cooling Towers
• Main and Shutdown Pumps
• Control Cabinets
Emergency Power Supply System
• Diesel Generators
• Diesel Fuel Tanks
• Electrical Cabinets
• Batteries and Racks
Offsite Power
• Lucas Heights Substation
• Substation No. 1 Cabinets/Transformers
Mains Water Supply
• Supply Pumps
• Switchboard and Control Panels
• Diesel Generator
• Diesel Fuel Tank
Compressed Air System
• Air Receiver Tanks - Building 4
• Air Compressor - Building 4
• Compressed Air Tanks - Outside Auxiliary Plant Room
• Air Receiver - Auxiliary Plant Room
• Air Compressors - Auxiliary Plant Room
• Air Receiver Pressure Control Panel
*Based on qualification analysis.

HCLPF(g)

0.2
0.5
>1.0
0.4
0.5
>1.0
>1.0
0.5
>1.0
0.5
>1.0
>1.0

HCLPF(g)

Table A-l (Page 2 of 3). Seismic Screening and Fragility Evaluation Walkdown Results

5(g)

System/Equipment
Rig Electric Power
• Rig Diesels
• Fuel Tank
• Control Panel
• Distribution Panel
• Battery Charger
Standby Active Ventilation System
• Active Extract Ventilation Filter
• Standby System Fan
• Standby System Duct
• Fans, Filters
Space Condition System
• Intake Fan
• Chilled Water Conditioners
• Chilled Water Pumps
• Chilled Water Compressors
• Evaporative Condensers
• Conditioning Units/Ducts
• Chilled Water Piping - Auxiliary Plant Room
• Chilled Water Piping - 5m Level
• Chilled Water Piping - Basement Level
No. 1 Storage Block Cooling System
• Cooling Pumps, Heat Exchangers
• Control Panels
• Demineralized Water Makeup Tank
Emergency Control System
• Electrical Panels
• ECR Blowers, Filters
Demineralized Water System
• Storage Tank
• Demineralizer Unit
Helium System
• Main Storage Tank
• Portable Tanks
Shield Cooling System
• Heat Exchanger
• Cooling Water Pumps
• Head Tank
ECCS
• Piping
• Pumps
*Governed by Rig diesel building masonry wall.
**Governed by overhead piping in auxiliary plant room.
tBased on qualification analysis,
t f Governed by overhead duct support failure.
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HCLPF(g)

>1.0
0.6
>1.0*
>1.0
0.2
>1.0*
> l.Ott
0.4
>1.0
0.4
>1.0
> 1.0**
>1.0
>1.0
>1.0
0.4
0.6
0.3
>1.0
>1.0
>1.0
>1.0
0.4
>1.0
0.4
>1.0
0.3
>1.0
>1.0
>1.0

0.23t
0.23t

Table A-l (Page 3 of 3). Seismic Screening and Fragility Evaluation Walkdown Results

System/Equipment

Mg)

D2O Circuit
• Pumps, Exchangers, Piping
Containment Isolation System
• Water Tank Valve Closer
• Personnel Airlock to Building 42
• Personnel Airlock to Building 40
• Vehicle and Emergency Airlock
RCB Equipment Handling/General
• Polar Crane
• Jib Crane
• Experimental Equipment
Auxiliary Plant Room Ventilation
• Fan
Instrumentation Systems
• Normal and Standby Instrument Cabinets
• Motor-Generator Sets
DC Power
• 300V Batteries/Racks
Electric Power/Control
• Cable Trays
• Auxiliary Plant Room Rack - "A" Cables
Reactor Protection System
• Reactor Internals
MA Cabinets, DC Switchboards
Selenium Rectifiers
Cable Trays, Cable Supports
*Based on qualification analysis.
**Governed by masonry wall failure onto batteries.
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HCLPF(g)
0.25*

0.8
0.2*
0.2*
0.2*
>1.0
>1.0
0.2
>1.0
0.4
>1.0
>1.0**
>1.0
>1.0
0.2*
>1.0
0.4
>1.0

Table A-2 (Page 1 of 2). Summary of Plant Components
Considered for Seismic Modeling
Plant Component
Reactor Containment Building
Reactor Shielding/Plant Room
Building 24
Substation No. 1
Building 4

a

PY

0.40
0.25
0.50
0.50
0.40

0.25
0.25
0.25
0.25
0.25

%
0.35
0.35
0.35
0.35
0.35

HCLPF
0.149
0.093
0.186
0.186
0.149

Rig Diesel Building

0.50

0.25

0.35

0.186

ECR Ventilation Blower Shed
Building 41
Building 23
Water Tower
Building 27
Building 59
300V Battery Room Walls
Secondary Cooling Circuit
• Cooling Towers
• Control Cabinets
Offsite Power
• Lucas Heights Substation

0.40
0.40
0.40
0.54
0.50
0.40
0.40

0.25
0.25
0.25
0.25
0.25
0.25
0.25

0.35
0.35
0.35
0.35
0.35
0.35
0.35

0.149
0.149
0.149
0.201
0.186
0.149
0.149

Failure Mode
Building collapse.
Collapse reactor/plant room.
Collapse onto secondary cooling pumps.
Collapse onto transformers/cabinets.
Collapse onto mains pumps, power/
control cabinets.
Collapse onto diesel system/active
extraction ventilation filter.
Collapse onto ventilation blowers.
Collapse onto demineralizer system.
Collapse onto spent fuel pools.
Pipe break and loss of water.
Collapse onto dry fuel storage holes.
Collapse onto flasks.
Collapse onto 300V batteries.

0.50
0.40

0.25
0.25

0.35
0.35

0.186
0.149

Strut buckling, loss of water in tower.
Cabinets walking, line breaks.

0.20

0.25

0.35

0.074

• Substation No. 1 Cabinets/
Transformers
Mains Water Supply
• Switchboards/Control Panels
• Diesel Generator
Compressed Air System
• Air Compressors - Building 4
• Air Receiver - Auxiliary Plant
Room
Rig Electric Power
• Fuel Tank

0.50

0.25

0.35

0.186

Transformers walking, ceramic
insulator failure.
Walking of equipment, disconnects.

0.40
0.50

0.25
0.25

0.35
0.35

0.149
0.186

Walking of equipment, disconnects.
Loss of backup mains' power supply.

0.50
0.50

0.25
0.25

0.35
0.35

0.186
0.186

Loss of one of three compressors.
Overturned vessel/loss of compressed
air.

0.60

0.25

0.35

0.223

• Control Panel

0.40

0.25

0.35

0.149

• Battery Charger
Standby Active Ventilation System
•
Standby System Duct

0.20

0.25

0.35

0.074

Overturned, cracked tank/loss of diesel
fuel.
Nearby masonry wall collapse onto
panel.
Walking of cabinet, disconnects.

0.40

0.25

0.35

0.149

Duct support failure/duct impacting
standby extraction fan.

0.40

0.25

0.35

0.149

Fan movement and failure to function.

0.40

0.25

0.35

0.149

0.60
0.30

0.25
0.25

0.35
0.35

0.223
0.111

Movement and break at chilled water
pumps.
Joint break and loss of water pumps
Loss of pipe post support and loss of
water

Space Condition System
• Intake Fan
• Chilled Water Piping
- Auxiliary Plant Room
- 5m Level
- Basement
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Table A-2 (Page 2 of 2). Summary of Plant Components
Considered for Seismic Modeling
Plant Component
Emergency Control System
• ECR Blowers, Filters
Demineralized Water System
• Demineralizer Unit
Helium System
• Portable Tanks
Containment Isolation System
• Water Tank Valve Closer
• Personnel, Vehicle, Emergency
Air Locks
Experimental Equipment in RCB
Instrumentation Systems
• Normal and Standby Instrument
Cabinets
ECCS
• Piping
• Pumps
300V DC System• Battery Room Masonry Walls
Reactor Protection System
• Reactor Internals
D20 Pumps, Heat Exchangers,
Piping
Selenium Rectifiers
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Failure Mode

a

PR

Pu

HCLPF

0.40

0.25

0.35

0.149

Loss of ventilation air.

0.40

0.25

0.35

0.149

Loss of additional demineralized water.

0.30

0.25

0.35

0.111

Tank valve failure/tank missile.

0.80
0.25
0.54 . 0.25

0.35
0.35

0.297
0.201

0.20

0.25

0.35

0.074

Tank overturning/loss of contents.
Failure at RCB connection (may be
dependent on earlier RCB failure).
Walking of equipment/impact on other
equipment.

0.40

0.25

0.35

0.149

Walking of cabinets, disconnects.

0.62
0.62

0.25
0.25

0.35
0.35

0.230
0.230

Loss of ECCS water.
Loss of water feed.

0.40

0.25

0.35

0.149

Collapse onto batteries.

0.54
0.67

0.25
0.25

0.35
0.35

0.20
0.249

Loss of reactor function and shutdown.
Loss of D20.

0.40

0.25

0.35

0.149

Walking of rectifiers, disconnects.
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A.2 Seismic Walkdown and Evaluation Sheets
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PLG SEISMIC WALKDOWN AND EVALUATION

Plant:

ft

/ i/l

A--

Walkdown Date:

Building or

/frt

G

Name:

Equipment ID:
Location: Building

Elevation.

Area.

*£_/

Description/Findings: ~77ir

xS

~ftU_

jSih e

-/
4 th*"!?}

-_,

f^-C/3.

Photo No

~1

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g' level A^
Can component be screened out?
If no, recommendation:

U = Undecided or unknown

Recommendation Date

A-ll

V
Y

N

u

Y

N

Y

N
N
N

Y)

U

u
u
u

PLG SEISMIC WALKDOWN AND EVALUATION

Walkdown Date:

Plant:

B u i l d i n g o r System•.°h£Jbcf*fClm7&"TW£*y'?=fct'Jd/^wfR e v i e w e r : -/•/ < rLri<u-

0
Equipment ID:

Name:

Location: Building

/%rv

Rain'r/

Elevatiori^^^r Area

Description/Findings: lu/h J)\£> roT>*v^/' h u- /u.

l

"UUL. la U Slab

A ' - V C.rur.i fen/n.J ~M<U

<.i^p ncr-cT^-^r -faj

c-f?i

ri'fis

_

y

Photo No.
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g1 level /• °
Can component be screened out?
If no, recommendation:

U = Undecided or unknown

Recommendation Date

A-12

Y
Y

N
N

®

Y

N

Y

N
N
N

Y

U
U

u
u
u

PLG SEISMIC WALKDOWN AND EVALUATION

/-//FA/2-

Plant:

Walkdown Date:
1

Building or System:.
Equipment ID:

Name:

Location: Building.

Elevation

Description/Findings:

the ttrn+ra-i

Area.
U J~r/>-n7<</Cm-i •* TD

6/

fiu.. /(*./-h uu^% T-btA' r/ti-n-Zro-tPi

J
j%t

Cffrtfrat

o^rtiS

^

un•

TA#nf A^uJ-S'.

c (-,

hf> rcm

JU

0

Photo No
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding -hazard?
Is support or foundation acceptable?
Screening 'g1 level A &
Can component be screened out?
If no, recommendation:.

U = Undecided or unknown

Recommendation Date

A-13

y
Y
y

N

N
U
U

U
U

Y
Y
N
N

u

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

H/f"fiP-J

Walkdown Date:."'
i

Building or System: QudLabn*. 7-*/

I

Reviewer: /-/. F1

Equipment ID:

Name: r^fe''/*,*f>/a4ry L ^ ^ W y r C^/rcua rt6fot.jnsTt.Cs'

Location: Building
D e s c r i p t i o n / F i n d i n g s : SrceJ

Elevation

Area

f-r<ZYAG.-c»L> . % SiJfi.

/

/Jrjr'f tnJ&rre//

/

Photo No.

/~ 2

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump;.is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

•

Y
: ®
Y (J$> u
Y N^ u
Y
Y

Y N U
Y ($ U
(Y) N U

Screening 'g' level /'^
Can component be screened out?
If no, recommendation: TAJtidjAs

U = Undecided or unknown

Recommendation Date

A-14

N

71 f<o

PLG SEISMIC WALKDOWN AND EVALUATION

Plant:

fl/F/tP*

Walkdown Date:

Building or System: S ^ ^ W

/
/V^ /

Reviewer:

Name: k/trmaJc.

Equipment ID:

nfuMAjbtwflb
j; -•

Location: Building

Elevation

Description/Findings: SJ-&U /'f

Area

DC/<?k. £{/t<r

.7

Photo No
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure 11/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g' level l^O
Can component be screened out?
If no, recommendation:

U = Undecided or unknown

Recommendation Date *t/f

A-15

Y
Y

U

U

Y
Y
N

N

U
U
U

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

Walkdown Date: _

Building or System:

Reviewer: n f

Equipment ID:

Name

Location: Building

: S-fa"/)<£&Y fa/
Elevation

Area

Description/Findings

3
TC4( Si
(/

Photo No
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure 11/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g' level
Can component be screened out?
If no, recommendation:

U = Undecided or unknown

Recommendation Date

A-16

y

Y
Y

N
N
N

Y

N

Y

N
N

N

U
U

U
U
U

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

/V/i^/f/l/

Walkdown Date:.

Building or System: 4%<7/^W/^^ 4Equipment ID:

Reviewer: n P~

Name:

Location: Building

t3t>i(£r •f^s-t^irO Jtrr- Mains

Elevation

Area

Description/Findings : A -hua - <,ecbjyt/

^

a

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure 11/I?
If yes,component(s)

•

If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

Y
Y
Y
Y
Y

If no, recommendation:

Recommendation Date

A-17

N

Y
N
Y <4p
($) N

Screening ' g' level <>g>
Can component be screened out?

U = Undecided or unknown

(S) U
J£_^ U

f/1

U
U
U

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

Walkdown Date:

Building or System:.

Reviewer:

'
Equipment ID:

/

Name:
Elevation

Location: Building
Description/Findings:

Area

i>o A ,

0
-Hie,

o*
i0

pr

£

01

//f/

•Jl

Photo N o .
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failuree II/I?
If yes, component (s) 6whL*i* 33

Y
Y
Y
tffis

/Y.)

If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

A-18

N

Y
Y

)

If no, recommendation:

Recommendation Date

N

u
u

N

Screening 'g' level '' o
Can component be screened out?

U = Undecided or unknown

_<£>

I

N

U
U
U

PLG SEISMIC WALKDOWN AND EVALUATION

Plant:

/V/PAtL

Walkdown Date.- if VilaA

Building or System: $i4jJ./ltrut:. "7-3

0

Equipment ID:

Name:
Elevation

Location: Building
Description/Findings:

Reviewer: H"fr/,r/zs

77/\,i

Area

ts>

^

Jram
&»-&

. fT*

S-

0

JL

Photo No.
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure 11/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g' level Z-^7
Can component be screened out?
If no, recommendation:

U = Undecided or unknown

Y

N

Y

y~
Y>

N

N
;

Recommendation Date

A-19

Y

N
N
N

Y)

U
U

u
u
u

PLG SEISMIC WALKDOWN AND EVALUATION

H/f~Afi~

Plant:

Walkdown Date: ?.

B u i l d i n g o r System: Cf':-'-i^1 -i'-^f ( '<:-'•7roY Kc-c-rn^- Reviewer:
Equipment ID:

Name:

Location: Building

Elevation^Xgyp Area

Description/Findings:

/(p.s rconv

^

a...
<S ,

7

/-I r- /*./ f^t.r/

j

s b<n)k(/-'

r/7

n~i

Photo No.
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g' level ^°
Can component be screened out?

.Y
('p N
Y
Y
Y
Y

N
N

Recommendation Date

A-20

U

w) U
N
U
, Y! N

If no, recommendation:

U = Undecided or unknown

U
U

?// L hu

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

Hi
PAP**
fTl'rfrt^

Walkdown»

Date: —/Srvti

Building o r System: &Cft- VUfh U4)&K'3/J&J6i Mf^Reviewer : hi P rQri<Z/
Equipment ID:

Name:

Location: Building
Description/Findings:

Area
"Tkii to

&7

> Tint.

/

A

•& -]L/b.. '

*M

-T&

Photo No. i"/Co
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure 11/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

N

p

N
Y
Y

If no, recommendation:

Recommendation Date

A-21

U
N

Screening 'g' level /• °
Can component be screened.out?

U = Undecided or unknown

U
U

9 fa

U
U

PLG SEISMIC WALKDOWN AND EVALUATION

HI

Plant:

Walkdown Date:

Building or System:

Reviewer: n £ r-f/

0

Equipment ID:

Name:.

Location: Building
Description/Findings:

Elevation

t h/U/

Area

/

,J
•dt.a

J y //
d

ju-st

'

CLUS

-fr

> */ Tiffr*. 6TCU.

V / OrS/
l#uf)A.oT
f

/
i

US- dLCfvUskyy,

<xJ/Z*.
6AA*-

:* L aUiJt

6'/
/.'

Photo No.

3- IV

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening ' g' level /• &
Can component be screened out?
If no, recommendation:

U = Undecided or unknown

Recommendation Date

A-22

N
N

U
U

Y
Y

N

Y
Y
Y>

N

(3N
,'N;

u
u
u

PLG SEISMIC WALKDOWN AND EVALUATION

H/F^^L

Plant:

Walkdown Date:
i

Equipment ID:

l

/- F.
Reviewer : /

Building or System: pPe/i- 7-3
Name:

Location: Building.

Elevation

Area

Description/Findings: Hi,<. p-vu//vh

e/s. U^

/

Photo No.
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g' level /, O
Can component be screened out?
If no, recommendation:

U = Undecided or unknown

Y^uaLu^aM.

Recommendation Date

A-23

N

U

Y
Y

N

Y

Y)

N

U

PLG SEISMIC WALKDOWN AND EVALUATION

h

Plant:

Walkdown Date:

Building or System: Cua.Jc^

Reviewer : H •?•

Equipment ID:

Name:

;(/JaJt/<~ Sn^e/?//
// /
t
Elevation
Area

Location: Building

D e s c r i p t i o n / F i n d i n g s : 77),*>
/t£.r*7

*?£>

<>4r</

&LC£**P

in AU'n£nCLJ

ds*

nie-/L. Tit/

J
'*-* AHA/CMS

'
Art

.

i

-rrrrus

/

(J
Photo No.

2-

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component{s).
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

/y)
U
U

Y

Y
Y
N
Y
Y
Y

N

u
u
u

Screening "g1 level /• °
Can component be screened out?
If n o , recommendation:

T

i

a£ rU, strueh***,

Y

A ftV/ut? e/ ifu- -favULiS 4e.!&ni'c

. 72>c r<j.jcf>y/c <//

/
--

fijt

<X

PF
U = Undecided or unknown

Recommendation Date

A-24

PLG SEISMIC WALKDOWN AND EVALUATION

Plant:

HIFA&-

Walkdown Date:

:

Building or System: yZCirrxJaMf Coaling Circuit
Equipment ID:

jlhtIH

Reviewer: / / / " rer/a^

Name: Can/trxr

Location: Building

ElevationGm/de. Area_

Description/Findings:

Kcnjerred

c/Utcrorf h^str) ajtsCiHtaM T*
J

uia/cr

ui hi c

i

£bci/£ ifie S,

he •*+) ,

*J

/,

/is

i& Diped,
'

~3'

J
u GPtn 9 Ides jS-Ztt/

A Ulf

'if* sw

no/

i

i

/

{_, '&zi se-s ft

dJ- frtLM
U

m»s LA.

is/? art
/

/

/?*/•> c

Photo No.

'

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes, component (s)

Y
<^
(y) N U
•
Y_ N U
/Yy N
^~^

If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

Y N
Y (&
(Y) N

Screening 'g1 level ^-°
Can component be screened out?

(Y ) N

If no, recommendation:

U = Undecided or unknown

Recommendation Date

A-25

Y

N
U
U
U

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

Walkdown Date:

Building or System: Spew Mid 5fer*-<

Reviewer: ///^

Equipment ID:
Location: Building

Name:

^C,

Description/Findings:.

Area.

f)e?<<J

4U-*

/

t-r £/

£/

0

t-<*s> 6m a.

0

J

;
Photo No.

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)

Y

Ql NN

A

Screening 'g1 level /•£
Can component be screened out?

U = Undecided or unknown

j

//

Recommendation Date

A-26

Y

N

Y

N
N
N
N

(J^-c BfJj? £?? -/;

U
U

3 N

If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

If no, recommendation:

:_

U
U
U

PLG SEISMIC WALKDOWN AND EVALUATION
Walkdown Date:

Plant:
Building or System:

% ">7

Equipment ID:

Reviewer:

Name:

N/

Location: Building
Description/Findings:.
A

/

Elevation

Area
~rufi-£.
/I

/£•

K-rru<^rc

S 7*-C f

Jh

C

, U)

J:'

~~ 5 2 ?

(I(AJ.

&Kf

fit Svx.
//T

Photo No

0

4-1

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
li yes,component(s)

Y

If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

Y

Screening 'g' level l>°
Can component be screened out?
If no, recommendation:

U = Undecided or unknov>m

C(J

Recommendation Date

A-27

U

Y
Y)

N

I
N
N:

u
u
u

PLG SEISMIC WALKDOWN AND EVALUATION

Walkdown Date: /Of 3 fab

Plant:
Building or System:.

Reviewer: OJatf fitfdlP^ff/Jy

' /

Equipment ID:
Location: Building.
Description/Findings: I hi£ '5 a, -rust) - S-hny

x IPS' * £*>' ft
n

',4t Lc-

h*

rsl
-

\//UU£K

r fr

jtc

. Till
ftc

- I) an/toy
7

is-

, i-'i.

Photo No

_

4-A

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)

N
U

If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

Y
Y

N

Screening 'g' level t'°
Can component be screened out?

N

ts

If no, recommendation: QuKX^u^xyj Jzu/u-

TJ

U = Undecided or unkno\>/n

h

T

Recommendation Date

/I

A-28

N

u
u.
u -

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

Walkdown Date: /a

Building or System:

Reviewer:

Equipment ID:

AA

Name: D/nu^wP^M

Location: Building

Elevation

Area,

Description/Findings: ^f ,.

photo N O

-io 4-/f:4~i

Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure 11/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g' level /.O
Can component be screened out?
If no, recommendation:

U = Undecided or unknown

Recommendation Date

A-29

Y

N

Y

N
N

Y
Y

U

u
u

PL6 SEISMIC WALKDOWN AND EVALUATION
Walkdown D a t e : V 2.7/ 76

Plant:
B u i l d i n g o r S y s t e m : 6lt<tr>da>ry Ot a(t>uz CtrcuuX

Reviewer: H F

Name:

Equipment ID:

E1 evation

Location: Building
Description/Findings:

Area

li/jmt/'*J'

/» Art Jj

J J

0

/
Srtyrxa -k UJf ftr

< lA.fi flt~l f/'/f f*V

/

I 1

re/

r

f1

Photo No
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes,component(s)
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?

K

N

Y

<s>

Y

N

Y

N
^ )
N

N

Y

7)

Screening ' g' level A ^
Can component be screened out?

N

If no, recommendation:

U = Undecided o r unknown

Recommendation Date

A-30

*

t

U
U

U

u
u

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

Walkdown Date:

H//^A/Z-

Reviewer: / / / ! Per/V,

Building or System: G/tsn/dary
E q u i p m e n t ID:4-P6>/ri,i,¥;4Fff//.1*

Name: Alain i

Location: Building
Description/Findings:

/

Elevation

Gr

Area

A//
is

Photo No.
Conclusions:
Unusual aspect ratio?
Design apparently acceptable?
Anchorage acceptable?
Impacted by nearby component failure II/I?
If yes . component (s) 4io, /Ji^
If a cabinet; are contents well fastened?
If a vertical pump; is unsupported shaft
length excessive?
Is failure a source of flooding hazard?
Is support or foundation acceptable?
Screening 'g' level />£>
Can component be screened out?

%

N
N
N

Y

N

Y
Y
Y)

N
N

N

If no, recommendation:

U = Undecided or unknown

Recommendation Date

A-31

11 I i / 9-6
/ /

U
U

U
U
U

PLG SEISMIC WALKDOWN AND EVALUATION
Plant:

M/FA-*2-

Walkdown Date: ?/"'

Building or System: S&i&nJary Ctc/trie* d'rciu/ Reviewer: t-/. f.
Equipment ID:

Location: Building

Name:

I'f

Elevation^va^^ Area.

Description/Findings: C/^rro< ?*.

pa st). U f t ^ / ' n ?

6gebs/ t*&T2> S-/*JJ
7
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Appendix B. Details of Other External Events
B.1 Fire Ignition Frequency Assessment and Results
The fire ignition frequency assessment must satisfy the following objectives:
•

Industry experience and plant-specific experience of fire and smoke events are
considered.

•

The fire occurrence frequency must be plant-specific and location-specific.

In this analysis, the fire frequency for different ignition sources were assessed on a
component-based approach using two-stage Bayesian techniques to ensure the above objectives
were met. Briefly, fire ignition frequency was assessed for selected component types. The most
recent industry experience was evaluated to determine key parameters needed for scenario fire
frequency estimation. For this study, the experience from U.S. commercial nuclear power plants
was considered. The two-stage Bayesian update techniques, which treat the industrial experience
of each U.S. commercial plant in the generic event database as an individual observation data
point for the development of the prior distribution for each component type, were used to assess
the fire frequency for each component type. Conservative estimates of the frequency of core
damage from each of the postulated fire scenarios were then computed using RISKMAN.
The frequency assessment consists of the following steps:
1. Event Categorization
2. Generic Event Specialization
3. Two-Stage Bayesian Frequency Update
Steps 1 and 2 are often performed concurrently.

B.1.1 Event Categorization
The component-based fire occurrence frequency assessment approach categorizes the industrial
fire events according to the fire sources or initiators. This approach provides a more realistic
categorization of past events. We refer to these fire event categorization as the component-based
fire event categorization and to the associated occurrence frequencies as the component-based
fire frequencies.
As a first step of the frequency assessment, all fire events included in the generic industrial event
database were categorized according to the following component-based fire event categories:
•
•
•
•
•

Batteries
Battery Chargers (includes inverters)
Control Room
Diesel Generators
Heating, Ventilation, and Air Conditioning (includes heaters, fans, chillers, and filters)
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•
•
•
•
•
•

Logic Cabinets (includes relays, fuses, panels, and switches)
Motors (includes MOVs, motor-generator sets, starter motors, and strainer motors)
Motor Control Centers
Pumps and Air Compressors (includes the motor unit of pumps)
Switchgear (includes circuit breakers and buses)
Transformers above 4 kV

Nuclear industry fire events associated with components not found in the HIFAR plant are not
included in the assessment. As shown above, the control room is called out as a component type/
category because of the potential impact of a fire in the control room on the plant. This category
contains all fire events associated with the control room in nuclear power plants. Cable is not
included in the above list of component categories since most of the cables associated with
safety-related equipment or equipment required in accident mitigation in the HIFAR locations
analyzed are mineral insulated metal sheathed (MIMS) cables. The relatively insignificant
amount of PVC cables in HIFAR compared to a typical nuclear power plant will give a relatively
insignificant cable fire frequency for HIFAR. PVC cables in the control room area are accounted
for in the control room fire frequency.

B.1.2 Generic Event Specialization
The generic industry data were collected from a variety of sources: the NRC Licensee Event
Report, the American Nuclear Insurer, and plant-specific data collected by PLG during previous
PSA studies. For example, a PLG proprietary database for fire events provides the generic input
for the assessment of fire event frequencies. This database contains summaries of more than
400 fire events that occurred through July 1987 at more than 65 U.S. nuclear power plant sites.
The PLG database was updated in 1994 to include events up to December 31,1992. As a result
of the update, a total of 692 generic fire events are included in the current generic database.
Since not all events contained in the generic database are applicable to the design and operations
at HIFAR, the information and the defined boundaries for each fire event were carefully
reviewed to determine the applicability of the events to HIFAR. Therefore, the second step of
the frequency assessment process involved a thorough review of the industry experience data to
develop a "specialized" generic database for HIFAR that accounts for plant-specific design
features of HIFAR.
A generic event was considered to be applicable to HIFAR if a similar incident could occur at
HIFAR during shutdown or power operation. Events that are not applicable to HIFAR were
removed from the database. Nine types of events were considered not suitable for inclusion in
the HIFAR specialized generic database:
1. Fire during construction; combination of cause, fuel, and/or conditions that would not
exist in HIFAR.
2. Temporary wiring not typical of nuclear plant switchgear.
3. Fire in temporary building.
4. Pre-operational testing designed to find this type of problem.
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5. Fire in plant building or location that is not important to the PSA model.
6. Lightning strike impacts are examined in another portion of the external events analysis.
7. Fire involving a system that is not present in HIFAR; e.g., off-gas system in a boiling
water reactor.
8. Component failure due to overheating, overload, arcing, or inadvertent fire suppression
actuation resulting in smoke but no actual fire.
Of the 692 events screened, 245 events were found to be applicable and were included in the
specialized generic database for HIFAR. Each of these 245 events is uniquely categorized into
one of the component or area categories according to equipment types and functionality
explained in the previous section. The resulting database is referred to as the "specialized"
generic fire events database for HIFAR. If there is uncertainty in the applicability of a fire event
to HIFAR, the procedure adopted in the screening of events is to include the event in the
database, so that any error committed in the process will be on the conservative side.
B.1.3 Two-Stage Bayesian Frequency Update
The specialized component-based generic event database provides the basis for the industry
experience input to the hazard frequency analysis. A two-stage Bayesian analysis was performed
to combine these industry data with actual experience at HIFAR. The two-stage Bayesian
technique provides a better consideration of the uncertainties associated with the frequency
assessment processes because it takes into account the plant-to-plant variability. The Data
Analysis module in RISKMAN was used to perform the two-stage update process.
The update process requires the knowledge of the number of specialized fire events in each
component category occurring at each specific plant. The first stage of the analysis develops a
generic frequency distribution for each component category that consistently accounts for the
observed site-to-site variability in the industry experience data. Thus, each plant's experience
was counted as an independent observation sample. The data from each plant included in the
generic database is given equal weight. The implicit assumption is made that each plant has
roughly the same number of each type of component; no attempt was made to count the number
of each component at every plant in the generic database. The data used for the first stage does
not include the HIFAR plant data; the plant-specific data from HIFAR is used in the second
stage of the Bayesian process. The second stage updates the generic frequency to account
specifically for the actual historical experience at HIFAR.
To account properly for the observed site-to-site variability in the industry experience data, it is
necessary to have detailed information about the specific sites at which each event has occurred;
e.g., site X has had Nl fire events of hazard type A in XI years; site Y has had N2 fire events of
hazard type A in Yl years; etc. Most of the U.S. commercial nuclear power plants that have
achieved criticality and produced commercial power were considered in the analysis
Furthermore, some plant-sites with multiple units are combined, as if they are a single
observation data point. This is an attempt to consider the organizational factors in the causes of
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fire events, since some of the multiple unit sites seem to behave as a single unit site. If the units
within a site share either an auxiliary building or a reactor building and went into commercial
operation within approximately 1 year of each other, the units are combined. When two units are
combined, the shorter operating time of the two is conservatively used and the events from the
two units are summed.
For the event category "Control Room," units were also combined as described above if they
share a common control room. The number of unscreened events and the operating time for the
remaining units/plants became the empirical experience data for use in the first stage of the
two-stage update for each component category.
The two-stage Bayesian approach treats each plant's performance as a separate data point,
accounting for plant-to-plant variability; thus, it is important to know the originating plant of
each fire event. A number of the events in the generic database do not identify the power plant
where the fire occurred. Some of these unidentified events list the type of power plant involved
[pressurized water reactor (PWR) or boiling water reactor (BWR)] and some do not even have
that information available.
When multiple unknown events existed for a particular fire category, a hypothesis on where the
unknown events occurred was used to generate prior distributions. The hypothesis assumes that
the unknown event(s) for each component fire category occurred in the "average" plant(s). The
"average" plant(s) is taken to be the plant with closest to the average time of operation
(14.5 years).
If the unknown event was known to be at a PWR or BWR, then the event was applied to an
average PWR or BWR, respectively. If the plant type was unknown, then the event was applied
per the hypothesis, regardless of the type of plant to which it was applied.
The development and evaluation of the hypothesis added a degree of complexity to the frequency
analysis for some hazards. However, this complexity is justified by the fact that most hazard
events are quite rare. For many hazards, the entire industry experience database contains fewer
than 10 events. This is in contrast to other types of data that are used in the PSA, such as internal
initiating events, component failures, and component maintenance events, for which hundreds or
thousands of individual events may be documented. Thus, a single, unidentified hazard event
may represent a relatively large fraction of the total documented experience base. A consistently
conservative assignment of these events to the worst plants results in cumulative hazard
frequencies that do not represent actual industry experience. On the other hand, simple removal
of these anomalies may result in frequencies that are too optimistic. Consistent accounting for
the unidentified events in the hypothesis-based approach provides the best available generic data,
including the inherent uncertainties in those data.
The fire occurrence frequencies derived from the first stage of the two-stage Bayesian analysis
using the specialized nuclear industry database is on a plant-wide basis; that is, the frequency of
a component category is the total fire frequency of that component category or type from all
locations of interest within a nuclear power plant. This is known as the "prior" fire occurrence
frequency. Since the population of some of the component types in HIFAR differs greatly from
that of a nuclear power plant, the frequency of a component category for a nuclear power plant
will also be different from that for HIFAR. To account for the difference in the population of
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components in each component type, the prior fire frequency for each component type was first
scaled down to a value for a single component unit of the type.
The frequency for the single unit of a component type is then updated (second stage of the
two-stage Bayesian analysis) with the actual HIFAR experience. The available abnormal
occurrence reports (AOR) and operating occurrence reports (OOR) (i.e., from January 1982
through December 1995) were reviewed to identify all of the fire events that had occurred at
HIFAR. These events were then screened for applicability to the HIFAR fire occurrence
frequency assessment. Table B-l shows the fire events that had occurred at HIFAR and the
results of the screening of the events. For example, administrative actions have been taken to
ban smoking in the RCB; therefore, the event involving a smoking ash tray on the reactor top
plate (OOR 81) is no longer applicable to the fire frequency assessment. Table B-l also shows
the fire category that the HIFAR fire event was assigned to.
The resulting fire occurrence frequency is the HIFAR-specific fire occurrence frequency for a
single unit of the component type. The scaling of the prior fire occurrence frequencies to those
of a single component is based on the population of components in each component category/
type in a typical nuclear power plant. The scaling of the control room fire was done based on the
number of electrical panels and cabinets in the control room of a nuclear power plant, since these
are the fire sources in the control room. The scaled fire occurrence frequency for a control room
was then updated with the HIFAR experience to obtain the HIFAR control room fire occurrence
frequency. For this analysis, a typical nuclear power plant is represented by Beaver Valley
Unit 1, which is a Westinghouse, three-loop PWR. The population of components in each
component type in Beaver Valley Unit 1 is presented in Table B-2.
Table B-3 summarizes the results of the fire ignition frequency assessment.
To account for the antiquity of the control room panels/cabinets and the electrical components in
these panels/cabinets, it is assumed, based on the analysts' judgment that there is a 10%
probability the control room fire occurrence frequency is 5 times greater than the updated mean
value of 1.01E-3 per year as shown in Table B-3, 30% probability that the frequency is 3 times
greater than the updated mean value, and a 60% probability that mean control room fire
occurrence frequency remains unchanged. The resultant mean control room fire occurrence
frequency is given by:
(0.1 * 5 + 0.3 * 3 + 0.6 * 1) * 1.01E-3 = 2.0E-03 per year
This fire occurrence frequency is used in the detailed analysis of the control room fire scenarios.

B.2 Fire Frequency Allocation
Location-based scenarios developed for a fire zone in the spatial interactions analysis phase of
the analysis describe all of the possible fire events that can occur in the fire zone and
conservatively assume that each fire event can damage all of the components within the fire
zone. Thus, all fire initiators within a fire zone must be accounted for. Since more than one
component type that can initiate a fire may be found in a fire zone, the fire initiation for a fire
zone must account for the composite nature of the fire hazards. The primary fire initiation
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frequency for each fire zone was then assumed to be the sum of the component-based ignition
frequency of the components found in the fire zone. Secondary ignition of the components
would be accounted for in the detailed analysis phase.
The component-based fire frequencies obtained for the fire occurrence frequency of each
component category must be apportioned to different plant locations to correctly reflect the
variety of the component categories and the actual inventory of the components.
The primary objective of the fire frequency allocation was to develop a reasonable estimate for
the hazard frequency that consistently accounts for the actual configuration of equipment in each
location. Table B-4 presents a cross-reference table between the fire zones and fire initiating
components in the plant. The fire occurrence frequency at the location is the sum of all the
allocated component-based fire frequencies that can be found in the location. This
location-based fire frequency is known as the composite fire frequency for the location as shown
in Table B-5. The composite fire frequency for each fire zone is used as the fire frequency for
the localized location scenario developed for that fire zone.
The control room fire frequency calculated is the composite fire frequency. To obtain the fire
occurrence frequency for each of the nine cabinets/panels in the control room, the control room
frequency is apportioned equally to the nine cabinets/panels, assuming that the panels are similar
in their contents.

B.3 Location Characteristics Table and Review of Plant Impact
This section presents a summary of the hazard location characteristics in terms of the types and
amount of fire ignition sources in each of the hazard locations analyzed, as shown in Table B-6.
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Table B-l. Screening of HIFAR Fire Events

1

OOR59
OOR81

Incident
Date
2/16/85
1985

OOR 320

5/25/87

OOR 367

9/14/87

Scavenge pump smoking after running dry for
3.5 hours.

Pump

OOR 412
OOR 433
OM94

6/1/88
8/2/88
11/14/88

Battery

OOR 476

2/3/89

AOR 743

2/21/95

Fire in the APR battery room.
Fire in polar crane brakes.
Pump 4P8/2 stopped, could not be started, motor
burned out.
Overheating transformer and burning smell from
X48/3 control cabinet.
Fire in X33/X34 Rig console caused control
reversal and shutdown.

Event ID

Event Description
Flashover from crane control box - paper ignited.
Burning smell in RCB, smoking ash tray on
reactor top plate.
Small fire in RCB, smoldering insulation.

Event
Category
Logic Cabinet
—"

Comment

Logic Cabinet

Included in the HIFAR database.
Not applicable. Administrative
actions ban smoking in the RCB.
Not applicable. Cable fire not
considered in the analysis.
Not applicable. Scavenge pump had
been replaced with one of a new
design. New pump ran successfully.
Included in the HIFAR database.
Included in the HIFAR database.
Not applicable. Event is not a fire
event.
Included in the HIFAR database.

Logic Cabinet

Included in the HIFAR database.

Cable

—
Pump

Table B-2. Component Type Population in Beaver Valley Unit 1
Equipment Type

Population

Battery
Battery Charger
Control Room (Panels)
Diesel Generator
Generator
HVAC Equipment1
Logic Cabinet2
MCC
Motor3
Pump
Switchgear4
Transformer < 4 kV
Transformer > 4 kV
'Includes fans, air conditioning units, room coolers.
2
Includes relays, switches, UPSs.
3
Includes motor-generator sets, MOVs.
"Includes buses, circuit breakers.

\DIST\REPORT\APP B.DOC.01/14/98

B-8

7
6
36
3
1
197
103
52
258
186
368
23
10

f
Table B-3. Component Type Fire Ignition Frequency for HIFAR

3
OB

CO

Item
Total Specialized Generic Events
Known events
Unknown events
Generic Prior Mean
Generic Prior 5th
Generic Prior 50th
Generic Prior 95th
Generic Prior Range Factor
Beaver Valley Unit 1 Population
Per Component Prior Mean
HIFAR Event(s)
HIFAR Period (Component-Years)
Posterior Mean
Posterior 5 lh
Posterior 50"1
Posterior 95'"
Posterior Range Factor

Battery

3
3

0
2.58E-03
4.48E-05
8.30E-04
1.04E-02
15.2
7
3.69E-04
1
168
1.34E-03
7.56E-05
6.76E-04
4.19E-03
7.4

Battery
Charger
4
4
0
4.35E-03
2.17E-05
6.33E-04
1.78E-02
28.6

Control
Room
3

4.55E-03
1.02E-04
I.56E-03
1.87E-02
13.5

Diesel
Generator
60
56
4
5.56E-02
1.39E-03
1.81E-02
2.19E-01
12.6

6

36

3

7.25E-04
0
224
3.18E-04
3.36E-06
8.67E-05
I.40E-03
20.4

1.14E-03
0
14
1.01E-03
2.49E-05
3.83E-04
4.42E-03
13.3

1.85E-02
0
84
4.45E-03
2.86E-04
2.93E-03
1.40E-02
7.0

3
0

HVAC

5
5

0
3.84E-03
9.51E-05
1.40E-03
1.63E-02

13.1
197
1.95E-05
0
252
1.86E-05
4.81E-07
7.06E-06
8.I0E-05
13.0

Fire Category
Logic
Cabinet
28
27
1
2.77E-2
3.24E-04
6.06E-03
1.30E-01
20.0

MCC

Motor

Pumps

11

4
4

29

11
0
1.17E-02
1.42E-04
2.63E-03
4.14E-02
17.1

103

52

2.69E-04
3
560
2.96E-03
6.48E-04
2.27E-03
6.89E-03
3.3

2.25E-04
0
658
1.21E-04
2.54E-06
4.13E-05
4.60E-04
13.5

0
2.76E-03
5.60E-05
8.61E-04
1.16E-02
14.4
258
1.07E-05
0
28
1.07E-05
2.17E-07
3.34E-06
4.48E-05
14.4

28
1
2.21E-02
2.08E-03
1.49E-02
6.52E-02
5.6

186
1.19E-04
0
.
462
1.07E-04
1.09E-05
7.81E-05
3.13E-04
5.4

Switchgear
24
21

3
2.11E-02
3.92E-04
6.31E-03
7.67E-02
14.0

Transformer
above 4 kV

27
26
1
2.29E-02
1.31E-03
1.33E-02
7.33E-02
7.5

368

10

5.73E-05
0

2.29E-03
0
70
1.64E-03
1.25E-04
1.16E-03
5.O1E-O3
6.3

364
5.OOE-O5
1.05E-06
1.66E-05
1.86E-04
13.3

Table B-4. Fire Initiating Component - Fire Zone Cross Reference

i

I

O

Fire Zone
RCB-LA
RCB-D2O
RCB-EXP
RCB-LB
RCB-CR
RCB-RSS
RCB-LC
RCB-LD
RCB-VAL
APR-1
APR-BR
B73-1
B73-2
ECR-1
ECR-HV
B24-PH

Sl-I
S1-TR1
S1-TR2
S1-TR3
S1-TR4
S1-TR5
B70-A1
B70-A2
B70-A3
B70-B1
B70-B2
B70-B3
B70-C1
B4-AIR
B4-SB
Total

Battery

Battery
Charger

Control
Room

Diesel
Generator

HVAC

Logic
Cabinet
4

MCC

Motor

8

1

3

4

8

2

3

4

8
2
1

4

2

Switchgear

Transformer

1
9
2

10

4

Pump

1

6
3
1
2

1

2

2

1

2

4
1

8

4

8
10
1
1
1
1
1

2
2
2
2

12

1
3
1
1
3
1

16

1

2
2
2

1
2
2

1

1
1
6

18

2
2

1

3

2
3

1
2
1

3
2

2
40

47

2

3
4
35

4
26

5

Table B-5. Composite Fire Initiating Frequency for Fire Zones

s
CO

Fire Zone
RCB-LA
RCB-D2O
RCB-EXP
RCB-LB
RCB-CR
RCB-RSS
RCB-LC
RCB-LD
RCB-VAL
APR-1
APR-BR
B73-1
B73-2
ECR-1
ECR-HV
B24-PH
Sl-1
S1-TR1
S1-TR2
S1-TR3
S1-TR4
S1-TR5
B70-A1
B70-A2
B70-A3
B70-B1
B70-B2
B70-B3
B70-C1
B4-AIR
B4-SB

Fire Zone
Total
Frequency
1.33E-02
9.63E-04
2.14E-04
1.20E-02
2.00E-03

Battery
1.34E-03

Battery
Charger
3.18E-04

Control
Room
1.01E-03

Diesel
Generator
4.45E-03

1.72E-02
3.78E-03
4.99E-03
2.73E-03
1.64E-03
1.64E-03
1.64E-03
1.64E-03
1.64E-03
1.12E-02
3.67E-03
4.81E-03
1.12E-02
3.67E-03
4.81E-03
6.84E-03
5.34E-03
8.82E-03
Total

MCC

Motor

Pump

Switchgear

5.67E-04
5.67E-03

1.07E-05

1.07E-04
1.07E-04
9.63E-04
2.14E-04

5.00E-05

7.48E-03

4.54E-03

1.87E-03

1.70E-03

7.48E-03

4.54E-03

2.14E-05

8.56E-04

2.00E-04

3.72E-05

5.61E-03

2.27E-03

1.50E-02
3.74E-03
1.87E-03

2.27E-03

3.72E-05

1.86E-05

Transformer
1.64E-03

2.00E-03

1.12E-04

3.68E-03
1.40E-02
1.34E-03
2.01E-02

Logic
Cabinet
I.87E-03
7.48E-03

HVAC

9.54E-04
1.34E-03
2.68E-03

1.34E-03

6.36E-04

8.90E-03

3.18E-04

2.27E-03
5.67E-04

8.56E-04
5.00E-04
1.64E-03
1.64E-03
1.64E-03
1.64E-03
1.64E-03

2.68E-03
2.68E-03
2.68E-03
2.68E-03

1.61E-02

3.18E-04
9.54E-04
3.18E-04
3.18E-04
9.54E-04
3.18E-04

5.09E-03

4.45E-03

3.74E-03
3.72E-05
3.72E-05

4.45E-03
3.72E-05
3.72E-05

1.01E-03

4.45E-03
4.45E-03
2.67E-02

3.35E-04

3.74E-03
3.74E-03

5.67E-04

1.50E-04

3.74E.-03
5.61E-03

5.67E-04
1.13E-03
5.67E-04

1.50E-04
1.00E-04

3.74E-03
7.48E-02

2.66E-02

2.14E-05

3.21E-04
4.28E-04
3.75E-03

2.00E-04
1.30E-03

8.20E-03

Table B-6 (Page 1 of 7). Location Characteristics of Fire Zones
Fire Zone
RCB-LA

Fire Zone Description
RCB Basement, General
Area

Equipment Type
Total FZ
Logic Cabinet
Logic Cabinet
Logic Cabinet
Logic Cabinet

MCC
MCC
MCC
MCC
MCC
MCC
MCC
MCC
MCC
MCC

CO
RCB-D20

RCB-EXP

RCB-LB

D 2 0 Plant Room

Experimental Plant Room

RCB Operation Level,
General Area

Pump
Total FZ
Pump
Pump
Pump
Pump
Pump •
Pump
Pump
Pump
Pump
Total FZ
Pump
Pump
Total FZ
Logic Cabinet
Logic Cabinet
Logic Cabinet
Logic Cabinet

MCC

Fire
Frequency
1.32E-02
2.96E-03
2.96E-03
2.96E-03
2.96E-03
.21E-04
.21E-04
.21E-04
.21E-04
.21E-04
.21E-04
.2IE-04
.21E-04
.21E-04
.21E-04
.07E-04
).42E-04
.07E-04
.07E-04
.07E-04
.07E-04
.07E-04
.07E-04
.07E-04
.07E-04
.07E-04
U4E-04
.07E-04
.07E-04
.26E-02
2.96E-03
2.96E-03
2.96E-03
2.96E-03
1.21E-04

Equipment
ID

P42
P22
P23
P25
MCC-3
MCC-5
DB-122
DB-202
DB-203
DB-9
DB-222
DB-104
DB-103
DB-102

Console-26
X48/3
X33/X34
X6/X7
DB-106

c

Equipment Description

Top Event

Panel P42
Panel P22
Panel P23
Panel P25
MCC #3
MCC #5
Distribution Board
Distribution Board
Distribution Board
Distribution Board
Distribution Board
Distribution Board
Distribution Board
Distribution Board
Demin. PUMP

ESB
ESA
ESB
ESA
H20*
LLP
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Liquid Level Pump 1
Liquid Level Pump 2
Main D 2 0 Pump 1
Main D 2 0 Pump 2
Main D 2 0 Pump 3
D 2 0 SD Pump 1
D 2 0 SD Pump 2
Scavenge Pump A
Scavenge Pump B

LLP*
LLP*
D20*
D20*
D20*
D20*
D20*
SPA
SPB

Collimator Cooling Pump 1
Collimator Cooling Pump 2

N/A
N/A

Console 26 Rig X166/2
Panel/Cabinet
Panel/Cabinet
Panel/Cabinet
Distribution Board

N/A
N/A
N/A
N/A
N/A

Impact Notes
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Fire Zone

Fire Zone Description

Equipment Type

MCC
MCC
MCC
MCC
MCC
RCB-CR
RCB-RSS
RCB-LC
RCB-LD

Reactor Control Room
RSS Office Area
RCB Mezzanine Level,
General Area
RCB 10m Level, General
Area

W

Total FZ

Vehicle Air Lock
Auxiliary Plant Room,
General Area

Equipment
ID
DB-42
DB-206
DB-209
DB-208
DB-8M

Equipment Description
Distribution
Distribution
Distribution
Distribution
Distribution

Board
Board
Board
Board
Board

Top Event

Impact Notes

PN
N/A
N/A
N/A
N/A
N/A
N/A

Total FZ
HVAC
HVAC
HVAC
HVAC
HVAC
HVAC
Logic Cabinet

MCC
MCC
MCC
RCB-VAL
APR-1

Fire
Frequency
.21E-04
.21E-04
.21E-04
.21E-04
.21E-04
2.00E-03

Total FZ
Battery Charger
Battery Charger
Battery Charger
Logic Cabinet
Logic Cabinet
Logic Cabinet
Logic Cabinet

MCC
MCC
MCC
MCC
MCC
MCC

3.43E-03
1.86E-05
1.86E-05
1.86E-05
1.86E-05
1.86E-05
1.86E-05
2.96E-03
1.21E-04
1.21E-04
1.21E-04
1.47E-02
3.18E-04
3.18E-04
3.18E-04
2.96E-03
2.96E-03
2.96E-03
2.96E-03
.86E-05
I.21E-04
.21E-04
.2IE-04
.21E-04
.21E-04

SCS-1
SCS-2
SCS-3
SCS-4
SCS-5
SCS-6
DB-108
DB-206
DB-210

AU40

DAS-AP23
DB-110
DB-1U
DB-112
DB-211
DB-212

Fan SCS-1
Fan SCS-2
Fan SCS-3
Fan SCS-4
Fan SCS-5
Fan SCS-6
NTD Silicon Control Console
Distribution Board
Distribution Board
Distribution Board

SC*
SC*
SC*
SC*
SC*
SC*
N/A
N/A
N/A
N/A
N/A

Selenium Rectifier 1
Selenium Rectifier 2
RCB Crane Rectifier
SCS-1 Console
SCS-2 Console
SCS-3 Console
DAS AP23
240V DC Switchboard
Distribution Board
Distribution Board
Distribution Board
Distribution Board
Distribution Board

PN*
PN*
N/A
SC*
SC*
SC*
N/A
PN*
CPA*

N/A
SC*
CPA*

SC*

Comp. #1
Subsys. #1
Comp. #2
Subsys. #2

1
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Fire Zone

Fire Zone Description

Equipment Type

MCC
MCC

130

APR-BR

Battery Room in the APR

B73-1

Rig Diesel Room

Motor
Motor
Pump
Pump
Pump
Pump
Pump
Pump
Pump
Pump
Switchgear
Switchgear
Switchgear
Switchgear
FZ Total
Battery
FZ Total
Battery
Battery
Battery Charger
Battery Charger
Diesel Generator
Diesel Generator
HVAC
HVAC
Logic Cabinet
Logic Cabinet
Logic Cabinet

MCC
MCC
MCC
MCC

c

Fire
Frequency
.21E-04
.21E-04
.07E-05
.07E-05
.07E-04
.07E-04
.07E-04
I.07E-04
.07E-04
.07E-04
I.07E-04
I.07E-04
5.00E-05
5.00E-05
5.00E-05
5.00E-05
1.34E-03
1.34E-03
2.16E-02
1.34E-03
1.34E-03
3.I8E-04
3.18E-04
4.45E-03
4.45E-03
1.86E-05
1.86E-05
2.96E-03
2.96E-03
2.96E-03
1.21E-04
1.21E-04
1.2IE-04
1.21E-04

Equipment
ID
DB23
MA-1
MA-2

DB-116
DBR5
DB-216
DB26.Q3

Equipment Description
DB211 Switchboard No. 22
Distribution Board
Motor-Generator Set 1
Motor-Generator Set 2
Chiller Compressor 1
Chiller Compressor 2
Chiller Compressor 3
Chilled Water Pump 1
Chilled Water Pump 2
Chilled Water Pump 3
Air Compressor 1
Air Compressor 2
Normal Sec. 1
Normal Sec. 2
Instrument
Standby

Top Event

N/A
N/A
PN*
PN*
SC*
SC*
SC*
SC*
SC*
SC*
CPA*
CPA*

N/A
PN*
PN
PN*

300V Battery

PN*

Battery A
Battery B
Battery Charger A
Battery Charger B
Rig D-G A
Rig D-G B
Active Extract Fan 1
Active Extract Fan 2
D-G A Control Panel
D-G B Control Panel
RCB Active Vent Fan Panel
Distribution Board
Distribution Board
Distribution Board

PN*
PN*
PN*
PN*
PN*
PN*
AE*
AE*
PN*
PN*
AE

UPS

Impact Notes

NV*, AE*

#1 Fans, S/B Pump #1

PN
NV*, AE*

PN*

#2 Fans, S/B Pump #2

g
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en

Fire Zone
B73-2
ECR-1

CO

Fire Zone Description
AUSANS Laboratory, 2nd
Story
Emergency Control Room

Equipment Type

B24-PH

ECR HVAC Room

Pump House

Equipment
ID

Equipment Description

Top Event

Impact Notes

N/A
FZ Total
Logic Cabinet
Logic Cabinet
Logic Cabinet
Logic Cabinet
Logic Cabinet
Logic Cabinet
Logic Cabinet
Logic Cabinet

MCC
MCC
MCC
MCC
ECR-HV

Fire
Frequency

FZ Total
HVAC
HVAC
Logic Cabinet
Logic Cabinet
FZ Total
Logic Cabinet

MCC
MCC
MCC
MCC
Pump
Pump
Pump
Pump
Pump
Pump
Pump
Pump

2.42E-02
2.96E-03
2.96E-03
2.96E-03
2.96E-03
2.96E-03
2.96E-03
2.96E-03
2.96E-03
I.21E-04
1.2IE-04
1.21E-04
1.21E-04
5.96E-03
I.86E-05
1.86E-05
2.96E-03
2.96E-03
4.30E-03
2.96E-03
.21E-04
.21E-04
.21E-04
1.21E-04
I.07E-04
I.07E-04
.07E-04
I.07E-04
.07E-04
I.07E-04
I.07E-04
I.07E-04

No Impact on Normal Operation
CIS-A
CIS-B
SCRAM 1
EPSS
SCS-1/2
SCS-3/4
SCS-5/6
DB-113
DB-114
DB-115
DB-215

SAVS Control for Venting RCB
Distribution Board
Distribution Board
Distribution Board
Distribution Board
No Impact on Normal Operation
ECR Pressurization Blower A
ECR Pressurization Blower B

EP-12
EP-13
PP07
DB-117
DB-217

DB5
4P8/1
4P8/2
4P6/1
4P6/2
4P6/3
4P6/4

Distribution Board
Distribution Board
MCC No. 2
Distribution Board
Shutdown H2O Pump #1
Shutdown H2O Pump #2
Main H2O Pump #1
Main H2O Pump #2
Main H2O Pump #3
Main H2O Pump #4
Sump Pump 1
Sump Pump 2

H2O*
H2O*
H2O*
H2O*
H2O*
H2O*
H2O*
H2O*
H2O*
H2O*
H2O*

N/A
N/A

Main Pumps 1, 2, 3, and 4 ?
SDPump#l
SD Pump #2
SD Pumps #1 and #2
Main Pumps 1,2, 3, and 4
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Fire Zone
Sl-1
00

Fire Zone Description
Substation No. 1, General
Area

Equipment Type
FZ Total
Battery
Battery Charger

MCC

CO

S1-TR1
S1-TR2
S1-TR3
S1-TR4
S1-TR5
B70-A1

B70-A2

Transformer I Room in
Substation No. 1
Transformer 2 Room in
Substation No. 1
Transformer 3 Room in
Substation No. 1
Transformer 4 Room in
Substation No. 1
Transformer 5 Room in
Substation No. 1
Diesel Generator A Room

Train A Battery, Inverter,
Rectifier Room

Switchgear
Switchgear
Switchgear
Switchgear
Switchgear
Switchgear
Switchgear
Switchgear
Switchgear
Switchgear
FZ Total
Transformer
FZ Total
Transformer
FZ Total
Transformer
FZ Total
Transformer
FZ Total
Transformer
FZ Total
Battery
Battery
Battery Charger
Diesel Generator
Logic Cabinet
Logic Cabinet
FZ Total
Battery
Battery
Battery Charger

Fire
Frequency
2.28E-03
1.34E-03
3.18E-04
1.21E-04
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
.64E-03
.64E-03
.64E-03
.64E-03
.64E-03
.64E-03
.64E-03
.64E-03
.64E-03
.64E-03
.34E-02
.34E-03
.34E-03
3.18E-04
4.45E-03
2.96E-03
2.96E-03
3.67E-03
1.34E-03
1.34E-03
3.18E-04

Equipment
ID

DBS1

Equipment Description
240V Battery
Battery Charger
Distribution Board
415V Sec. 1
415V Sec. 2
415V Sec. 3
415V Sec. 4
415V Sec. 5
Transformer Feeder Breaker 1
Transformer Feeder Breaker 2
Transformer Feeder Breaker 3
Transformer Feeder Breaker 4
Transformer Feeder Breaker 5

Top Event
SEC1, SEC3
SEC1.SEC3

N/A
SEC1

N/A
SEC3

N/A
N/A
SEC1

N/A
SEC3

N/A
N/A

Transformer 1

SEC1

Transformer 2

N/A

Transformer 3

SEC3

Transformer 4

N/A

Transformer 5

N/A

SRA

Diesel Starting Battery Al
Diesel Starting Battery A2
Diesel Battery Charger
Diesel Generator A
D-G Control Panel
D-G Test/Load Panel

SSA
SSA
SSA
SSA
SSA
SSA

TU06
TU07
TU04

BDA01 Battery
BDA02 Battery
BDA01 Battery Charger

BBA
BBA
BBA

TP48
TU01/TU02
DCC-A

Impact Notes

c

6
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Fire Zone

B70-A3

i

w

B70-B1

B70-B2

B70-B3

Fire Zone Description

Train A Switchboard
Room

Diesel Generator B Room

Train B Battery, Inverter,
Rectifier Room

Train B Switchboard
Room

Equipment Type
Battery Charger
Battery Charger
HVAC
HVAC
FZ Total
Battery Charger
HVAC
HVAC
Logic Cabinet
Logic Cabinet
MCC
Switchgear
Switchgear
Switchgear
FZ Total
Battery
Battery
Battery Charger
Diesel Generator
Logic Cabinet
Logic Cabinet
FZ Total
Battery
Battery
Battery Charger
Battery Charger
Battery Charger
HVAC
HVAC
FZ Total
Battery Charger
HVAC
HVAC
Logic Cabinet
Logic Cabinet

Fire
Frequency
3.18E-04
3.18E-04
1.86E-05
1.86E-05
6.55E-03
3.18E-04
1.86E-05
1.86E-05
2.96E-03
2.96E-03
I.21E-04
5.00E-05
5.OOE-O5
5.00E-05
1.34E-02
1.34E-03
1.34E-03
3.I8E-04
4.45E-03
2.96E-03
2.96E-03
3.67E-03
1.34E-03
1.34E-03
3.18E-04
3.18E-04
3.18E-04
.86E-05
.86E-05
5.55E-O3
.21E-04
.86E-05
I.86E-05
2.96E-03
2.96E-03

Equipment
ID

Equipment Description

Top Event

TU05
TU03

BDA02 Battery Charger
CIS-A Inverter
FanA2-l
Fan A2-2

BBA
BBA
BBA
BBA

TU10

ECCS-A Inverter (IEA)
^anA3-l
Fan A3-2
Fan Control Panel
Fan Control Panel
48V DB (RCR/ICA)
Battery Board
BusSAA
Bus SSA

ESA
SSA*
SSA*
SSA*
SSA*
SSA
BBA
SSA
SSA

TP10
TP11
TP09
BBA
TP12/13/14
TP15/16

Diesel Starting Battery Bl
Diesel Starting Battery B2
Diesel Battery Charger
D-GB
D-G Control Panel
D-G Test/Load Panel

SSB
SSB
SSB
SSB
SSB
SSB

TU24
TU23
TU26
TU25
TU27

BDB01 Battery
BDB02 Battery
BDB01 Battery Charger
BDB02 Battery Charger
CIS-B Inverter
Fan B2-1
Fan B2-2

BBB
BBB
BBB
BBB
BBB
BBB
BBB

TU22

ECCS-B Inverter (IEB)
Fan B3-1
Fan B3-2
Fan Control Panel
Fan Control Panel

ESB
SSB
SSB
SSB
SSB

TP49
TU28/TU29
DCC-B
SRB

TP32
TP33

Impact Notes
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Fire Zone

B70-C1

B4-AIR

Fire Zone Description

Trains A and B Line Supply
Distribution Boards

Air Compressor Room

CO
00

B4-SB

Boiler House Switchboard
Room

Equipment Type
MCC
Switchgear
Switchgear
Switchgear
FZ Total
Logic Cabinet
Logic Cabinet
Logic Cabinet
MCC
MCC
Switchgear
Switchgear
FZ Total
Diesel Generator
Logic Cabinet
Pump
Pump
Pump
Pump
FZ Total
Diesel Generator
Logic Cabinet
Logic Cabinet
Pump
Pump
Pump
Pump
Switchgear
Switchgear
Switchgear
Switchgear

Fire
Frequency
3.18E-04
5.00E-05
5.00E-05
5.OOE-O5
9.22E-03
2.96E-03
2.96E-03
2.96E-03
1.21 E-04
1.21E-04
5.00E-05
5.00E-05
7.84E-03
4.45E-03
2.96E-03
1.07E-04
1.07E-04
1.07E-04
1.07E-04
1.10E-02
4.45E-03
2.96E-03
2.96E-03
1.07E-04
1.07E-04
I.07E-04
1.07E-04
5.00E-05
5.00E-05
5.00E-05
5.00E-05

Equipment
ID
TP39
BBB
TP34/35/36
TP37/38

48V DB (RCR/ICB)
Battery Board
Bus SJB
Bus SSB

SSB
BBB
SSB
SSB

TU16
TU19
TU15
DB118
DB218
TP23/24/25
TP17/18/19

DAS RTU F
DAS RTU E
CEP
Distribution Board 118
Distribution Board 218
Bus LSA
Bus LSB

N/A
N/A
N/A
N/A
N/A
LSA
LSB

MM-110
AC-6B4
AC-5B4

MB-4/1
MBS-4/2
SB-4/4
MBS-4/1

Equipment Description

Top Event

Detroit Diesel Generator
D-G Control Panel for Detroit DG
Air Compressor
Air Compressor
Air Compressor
Air Compressor

SUB2*
SUB2*
CPA*
N/A
N/A
N/A

Lister Blackstone D-G
D-G Control Panel for Lister D-G
Lister D-G Aux. Panel
Fire Pump 1
Fire Pump 2
Fire Pump 3
Air Compressor

SUB2*
SUB2*
SUB2*
MW*
MW*
N/A
SUB2*
SUB2*
SUB2*
MW*
SUB2*

Impact Notes

