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1.0

Introduction

This report responds to NRC Staff questions regarding the PP&L treatment of four
specific aspects of the IPE, that is, backend containment analysis, common cause failure,
human reliability analysis, and the sensitivity of the results to the "Key Assumptions".
The following section provides a summary and conclusions for this supplemental IPE
information. Detailed discussion appears in Section 2.
1989 response to GL 88-20, PP&L indicated that its IPE approach would be
classified as "other" as defined by the Generic Letter. An "other" approach was chosen
to take advantage of previous risk analysis performed by PP&L This approach melds
the strengths of both probabilistic and deterministic analysis when evaluating the risk
associated with Susquehanna. Probabiliptic techniques are used to define accident
sequences. Deterministic techniques are used to ensure adequate protection from these
sequences. Applying this model, a layered defense against severe accidents is assured.

In the

The reliance on mechanistic rather than probabilistic arguments to ensure adequate
protection against severe accidents is a key element of PP&L's approach. Each accident
sequence defined in the IPE is judged against the PP&L Defense in Depth criteria.
When the criteria are met, multiple layers of defense (core, vessel and containment)
against severe accidents has been demonstrated. When Defense in Depth is established,
the calculated fre q uen cy of radionuclide release is small.

Meeting the Defense in Depth criteria has required continued improvements to plant
equipment and procedures. Therefore, one would expect a reduction of calculated risk.
Because PP&L has invested nearly 10 years in risk'assessment and risk-based plant
modifications, the small numbers calculated in the IPE are expected.
When compared to other risk studies on similar plants, the plant damage frequency
computed for Susquehanna is a factor of 10 to 20 lower. One potential explanation for
this difference is that severe accident vulnerabilities were overlooked using the PP&L
approach, especially in the areas of the analysis, common mode failure and human
performance. If this is the case, the Susquehanna IPE is deficient with respect to the
guidance in NUREG-1335. A comparison between the guidance in NUREG-1335 and
the Susquehanna IPE shows that PP&L addressed all the issues raised by the NRC
guidance. Therefore, the reduction in the calculated risk is a reflection of the safety
improvement made at Susquehanna through the adherence to Defense in Depth. A
detailed description of how PP&L approach addresses with the guidance in NUREG1335 follows in Section 2.

2.0

.

Supplemental Information

In September of 1989 the NRC requested, via GL-88-20 (ref.

1), that all licensees

holding an operating license or a construction permit, perform an Individual Plant
1
Evaluation. The submittal guidance for the generic letter was published in ~ln
Plan Ex ming i n u mi tal Guidanc, NUREG-1335 (ref. 2). The NRC requested,
within 60 days, that each licensee describe how they planned to perform the IPE.

ibid

PP&L responded to this request in October

1991 (ref. 3).

At this time PP&L informed

the staff that the approach chosen to respond to the IPE was classified as an "other
systematic examination", and that the IPE report would be submitted to the staff in the
second. quarter of 1991. Additionally, six copies of the technical report, The PP&L
Approach to Risk Management and Risk Assessment (Second Revision), NPE-89-001
(ref. 4), were submitted with the response to explain the approach PP&L planned to
pursue.

PP&L chose an "other systematic evaluation" for two reasons. First, PP&L had invested
nearly a decade of effort in developing both a risk analysis capability and a risk
management program. This program involved people from all department functions. It
was very desirable to apply a process that the company had confidence in when
responding to the IPE generic letter. Second, this approach allowed PP&L to integrate
the accident management program with the IPE. This allowed the results of the IPE to
~

~

~

~

~

~

be promptly incorporated into the plant design, procedures and operator training
program. Thus, the approach taken by PP&L was already established when the NRC
requested the IPE be performed.
~

~

~

~

In January of 1990 (ref. 3) the staff responded favorably to the approach proposed by
PP&L stating that the approach was acceptable. Additionally, PP&L was informed that
the approach was still under evaluation and that comments would be provided as they
were generated. The staff provided no additional guidance or comments on PP&L's
approach. PP&L submitted the IPE in December of 1991 (NPE-91-001).
Subsequent to the IPE submittal, the staff has been reviewing the Susquehanna IPE. In
the course of the review, the staff requested additional information. Specific requests
were made at a meeting between the staff and PP&L on November 4, 1992. This
supplement responds to the following issues:

Confirm that PP&L evaluated each of the backend analysis requirements
listed in NUREG 1335.
2.

Explain how the PP&L treatment of dependent failures addresses the
recommendations in NUREG-1335. Include in the explanation how
industrial experience and the man machine interface were considered in
the modeling.

3.

Explain how the PP&L treatment of human reliability addresses the
requirements in NUREG-1335. Include in the explanation: the rationale
for the quantification of procedural and execution errors, and the
treatment of dependent operator actions.

4.

Address the sensitivity of the IPE results to "Key Assumptions" identified in
Section 2.1.2 of the IPE Report.

Central to these issues is the concern that the approach used by PP&L in the above
areas may have resulted in not identifying a vulnerability that a more conventional
treatment may have uncovered.

The response to these questions is presented in this Section of this supplement. These
responses show that no vulnerabilities were overlooked that a more conventional
approach would have captured. Additionally, a description of how the PP&L approach
fully complies with the requirements in NUREG-1335 is presented.

2.1
~

~

Backend Analysis

This Section describes the approach used in the Susquehanna IPE to: gain an
understanding of the possible containment failure modes during a severe accident, and
identify, over the broad spectrum of potential accidents, specific vulnerabilities associated
with the containment.
This effort is generally referred to as the backend analysis. In performing this analysis
the following conclusions have been derived.
Containment integrity is maintained in the vast majority of accidents involving
core damage.
Core damage from unstable operation during ATWS followed by containment
over pressure failure is the most likely cause of fission product release.

Addition of water to the RPV prior to bottom head dryout is a very
effective means of preserving containment integrity and limiting analysis
uncertainty.

Addition of water to the drywell Qoor is a very effective method of preserving
containment integrity, but not as effective at limiting the analysis uncertainty
preserving the RPV integrity.

as

Operation of the drywell sprays is effective at extending the time to containment
failure and reducing the radioactive source term, in those core damage and vessel
failure sequences that proceed to containment failure.
The core debris is 14 times more likely to be quenched in the RPV, if the
core damage progression proceeds in a manner consistent with the
progressive relocation model (BWRSAR), than if it proceeds in a manner
consistent with the core blockage model (MAAP).
Given the current state of knowledge concerning severe accident
phenomena, maintaining core integrity should be given the highest priority
when developing emergency procedures, followed by maintaining RPV and
then primary containment integrity.

The release of radioactivity to the environment is minimized by first maintaining
core integrity, the RPV integrity and finally primary containment integrity.
These conclusions are derived from analysis performed using the SABRE code for events
with failure to scram, and BWRSAR/CONTAIN/TIMPMERGEfor events with scram.
If the reactor is more stable than the SABRE modeling suggests, then less damage would
be expected during ATWS. If the core debris is less quenchable than modeled in
BWRSAR, then the success rate of terminating the damage progression will decrease.

While the likelihood of success may vary with modeling, the desire and the approach
taken to terminate the damage progression as early as possible remains unchanged.
These conclusions are a result of PP&L's backend analysis. The balance of this Section
describes: 1) How PP&L performed the backend analysis; 2) Why this approach was
chosen; and 3) How this approach satisfies the requirements of GL88-20 and NUREG1335.

2.1.1

Approach Taken By PP&I When Performing The Backend Analysis

As described in the introduction, PP&L has been developing analysis capability to
evaluate severe accidents over the past decade. This development effort has addressed
issues associated with events both with and without SCRAM. Since the nature of the
accident phenomena is different for these events, diverse modeling efforts were pursued.

The 5&~'ode was initially used to evaluate severe accidents for events with SCRAM.
In fact the core melt progression analysis in PP&L's first IPE (NPE-86-001) is based
upon MAAP. In 1987 an effort was undertaken to evaluate the viability of terminating
the core damage progression in-vessel as a practicable accident management strategy.
The modeling in MAAP at that time lacked the necessaiy physics for this application.
PP&L therefor evaluated other available core damage progression codes including:
MARCH, APRII„RELAP/SCADAP and BWRSAR. After reviewing the existing
documentation available on these codes, BWRSAR was chosen as the most
representative of BWR damage progression.
Judgment, published calculations and state point calculations were initially used to
investigate ATWS response in severe accidents. Based upon the complexity of the
reactor response with failure to SCRAM, it was decided that development of a time
domain stability code represented the most effective manner to explore ATWS
sequences. This decision lead to the development of the SABRE (ref. 23) code.
These codes and calculations were used to explore various forms of damage possible
during severe accident sequences. Emphasis was placed on interrupting the damage
progression as early as possible. The results show that, while the damage progression is
a continuous process, there are events that occur during the damage progression which
change the nature of the accident sequence. As an example, failure of the lower head
from corium attack will require consideration of corium interaction with the containment
structures. However, if the damage progression is terminated in-vessel, consideration of
corium interactions with the containment structure is unnecessary.

Much effort was spent on identifying these transition events and understanding the
physical principles that govern their occurrence. This information allows evaluation of
how plant resources can be used to prevent these events and mitigating their effects
should prevention fail. For this reason plant damage states were developed in a manner
that allowed the effectiveness of a particular accident management strategy to be
measured. Consistency was guaranteed by developing criteria to judge if a transition
event were to occur.

~

This approach to accident classification has two benefits. First, it identifies what is
required to interrupt the damage progression at a particular state. Such knowledge is
very useful when evaluating the effectiveness of a particular operator action or potential
plant enhancement at interrupting the damage progression.
~

~

~

~

~

~

~

~

Second, it allows the uncertaiiity in the damage progression process to be segmented. As
the degree of damage progresses, so does the uncertainty. As an example, the
uncertainty in the flow required to maintain core cooling is much less than the
uncertainty required to recover a damaged core. The uncertainty associated with
recovering a damaged core is much less than the uncertainty associated with quenching
the debris on the drywell floor and the uncertainty associated with recovering core debris
on the drywell floor is much less than estimating the prompt and latent fatalities from
the release of radionuclides. Thus, evaluating the probability of interrupting the damage
progression actually reduces the uncertainty associated with calculated results. This
approach of identifying what is required to interrupt the damage progression and then
focusing the plant response on its interruption is a very powerful application of the IPE
to reduce both the risk and the uncertainty associated with nuclear plant operation.
Using this approach PAL has demonstrated that maintaining containment integrity is

far more likely than typical BWR PRA predictions. The conditional containment failure
probability given core damage for Susquehanna is estimated to be 1% compared to a
value of 35-65% for a typical BWR evaluation. Additionally, since the evaluation is
focused at preventing or interrupting the damage progression early in the event, there is
a reduction in both risk and uncertainty as the insights gained from the IPE evaluation
are incorporated into the plant design and procedures.
~
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~
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This process formed the basis of PP&L's backend analysis. It focused the IPE effort on
identifying ways of avoiding and responding to potential severe accident containment
challenges. The PP8cL approach to,the backend analysis fully integrates the accident
management program with the IPE. The criteria used to evaluate containment response
were presented at the NRC sponsored IPE workshop in Ft. Worth Texas during the
spring of 1989 (ref. 7). Furthermore, the data and models used to generate this
information were forwarded to the NRC research staff for use in the Containment
Performance Improvement Program. Thus, at the time GL-88-20 was issued, many of
the backend analysis sections identified in NUREG-1335 were complete.

2.12

Compliance to NM&G-1335
I

The information developed when performing the backend analysis is reported in the
current IPE report, NPE-91-001. Table 2.1-1 identifies what IPE Sections cover the
particular backend analysis section identified in Section 2.2.2 of NUREG-1335.
Subsequent paragraphs describe how the work described in these sections satisfies the
requirements in NUREG-1335.

Table 2.1-1

IPE Sections Describing NUI&G-1335 Backend Analysis Steps
HUREG

-1335 Step

IPE

Oescription

1.

Plant data and description

2.

Plant Hodels and Hethods for Physical

Section 2.1.2.3

Processes

Appendix 8 sections 1 6 5,
Appendix C sections 3,4 5 5
Appendix E

Section 1.3
Appendix A
Appendix C section 4
Appendix F section 2.3

Volume 5

3.

Bins and Plant

Damage

States

sections

2

Section 2.3.3
Appendix 8 section 2

4.

Containment Failure Characterization

Section 4.3.1
Appendix A section 2
Appendix C sections 3 3 4
Appendix E section E.3
Volume 5

5.

Containment Event Trees

6.

Accident Progression and

Appendix
CET

guantificatlon
7.

Radio nuclide Release Characterization

F

sections 1.2.2, 2.2,

Appendix B section 2
Appendix 8 section 1.3, 2.5, 3.3

3.2

3

3

4.4.3

Volume 5 Section 4

2.12.1 Plant Data and Description

The first section identified in NUREG-1335 states that the components, systems and
structures that may be significant in assessing severe accident progression should be
identified and highlighted in the IPE report. This information is summarized in Section
1.3 of Volume 1. Appendix A presents detailed description of the reactor core, the
reactor pressure vessel, the primary and secondary containments and the equipment used
to respond to various severe accident challenges.

The reactor core is seen as an important system when assessing severe accident
progression. The design of the core determines the nature of the core damage
progression. A description of the reactor core components is given along with sketches
of the fuel bundle components and core support structures. This description includes
core component dimensions, materials and masses.
The reactor pressure vessel is also seen as an important system when assessing severe
accident progression. The status of the reactor vessel determines if the core relocates to
the drywell floor or remain in the vessel. It also determines the RPV pressure at the
time of vessel failure, A description of the RPV is given along with the RPV internal.

This information includes masses and volumes of the RPV and its components. Details
of RPV penetrations are given along with sketches of these penetrations. These sketches
include lower head penetrations
~

~

~

~

~

~

~

~

Similar information is presented for the primary containment. Sketches show the
containment dimensions and the arrangement of structures and components, such as
drywell to wetwell downcomers and vacuum breakers, which are important to evaluating
the containment response to severe accidents. Data is provided on the drywell floor
including the concrete composition, the drywell and wetwell free volumes, the type and
number of containment penetrations and containment systems used for accident
response.

Finally, Appendix A provides a detailed description of the plant systems used to respond
to severe accidents. This information includes a description of the system's: design,
operation, performance, support requirements and failure data. Simplified schematic
diagrams and reliability block diagrams are also provided. This information, including
the equipment failure data, was forwarded to the Idaho National Laboratory for there
use in developing an equipment outage data base.

2.122 Plant Models and Methods for Physical

Processes
~

~

The second section identified in NUREG-1335 states that precise documentation of all
analytical models used in'the accident progression analysis be provided. This
information is summarized in Section 2,1.2.3 of Volume 1 with detailed descriptions
given in the report appendices. De'scriptions are given for the methods, data and
assumptions used to analyze: the reactor and containment response up to the point of
vessel failure, the reactor and containment response with failure to scram, the
containment response with the vessel failed, the source term released with the
containment failed, and the secondary containment and control structure temperature
response with loss of HVAC.
~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

The BWRSAR code was used to analyze the reactor and containment response up to the
point of vessel failure for events with SCRAM and for ATWS events when injection is
failed. This code has been used by NRC contractors in BWR severe accident analysis
the Containment Performance Improvement Program. With the exception of
the reactor cavity, the reactor and containment models described in NUREG/CR-5565
(ref. 9) are essentially the same model described in Appendix B and Volume 5 of the
Susquehanna IPE. A deep cavity design was analyzed in NUREG/CR-5565; whereas the
Susquehanna design is a plane which would allow the core debris to spread and facilitate
cooling.
'ncluding

The SABRE and ATlAC codes were used to analyze events with failure to SCRAM.
Under failure to SCRAM conditions calculations show that the reactor is susceptible to
unstable operation. Therefore PP&L developed a time domain reactor kinetics code
with a numerical solution technique capable of accounting for unstable operation. A
detailed description of the mathematical model and numerical solution procedure are
~

~

~

~

~

~

~

~

provided for these codes in Appendix B. Additionally all the pertinent physics and
thermal hydraulic data is provided.

The BWRSAR)CONTAIN)CORCON)TRAPMELTcodes were used to analyze events
that result in vessel failure and containment failure. The objective of the calculations
performed using these codes was to generate source terms for the accidents analyzed in
the IPE. However, the results of these calculations corroborate the assumptions made
when performing the accident sequence analysis. Only specific inputs and assumptions
are reported in the IPE, since these codes are well known.

The COTI'AP code was used to investigate the reactor building temperature response
with the HVAC system unavailable. COTlAP code has been used in numerous PP&L
submittals (SBO, Steam Leak Detection, etc.). Since it was written by PP&I however, a
description of the code is provided. Descriptions of the modeling approach and
numerical solution technique are provided.

2.129 Bins and Plant Damage States

The third section in NUREG-1335

states that the process used to bin the front end
accident sequences to the backend analysis be described. The plant damage states are
also to be described in this section. The binning processis describedin Appendix B
Section 2 and Appendix F. The plant damage states are desc6be6 in Sec6on152.3 i~
Volume 1 and Appendix E.

The binning procedure applied in the Susquehanna IPE was developed to ascertain the
effectiveness of potential actions at terminating the damage progression. This approach
required that accident sequences with similar reactor thermal-hydraulic and sequence
timing be binned together. Accident sequences were binned together using the following
rules:

Binning of accident sequences is only allowed within a class of
initiating events, and
Accident sequences within an initiator are binned together if the failure
combination causing each accident sequence has the same impact on the event
tree top events.
The bins used in the IPE are identified for each initiator on the pages

INITIATOR

PAGE

Transients and Internal Floods

F-86

ATWS

F-202
F-299

as

listed below.

~

~

~

Accident sequences were assigned to these bins using the process depicted in Figure B21 on page B-68. The support state method is used to determine what failure
combinations are assigned to a particular bin. As shown in Figure B2-1, initiating event
and failure combinations are binned together based upon their effect on the entire
accident sequence. This approach.was chosen for the following reasons:
~

~

~

~

~

~

~

~

~

The primary containment is closely coupled to the reactor in the BWR.

Evaluation of the accident sequences against the PP&L Defense-in-Depth criteria
require that the entire accident sequence remains intact. These criteria appear in
Table 2.3.5.
When evaluating the effectiveness of particular accident management strategies
is necessary to know what failures have occurred to evaluate how effective a
particular strategy is at mitigating the failures.

This binning procedure was used to estimate how effective the Susquehanna equipment,
procedures and operators are at avoiding the following types of damage:
1.

2,
3,
4
5.,
6.

7.

Core damage from loss of cooling,
Core damage from unstable operation,
Core damage from loss of cooling with Containment Overpressure Failure
(COPF)',
Core damage from unstable operation with COPF,
Core damage from loss of cooling with vessel failure,
Core damage from loss of cooling with vessel failure and Containment
Overtemperature Failure (COTF),
Core damage from loss of cooling with vessel failure and COPF.

These 7 damage states represent the minimal set of damage states necessary to evaluate
the Susquehanna containment's possible containment failure modes and vulnerabilities.
While only these damage states are reported, other information is available in the IPE
report. This information includes event timing and the RPV pressure at the time of
RPV failure.

2.12.4 Containment Failure Characterization

The forth section in NUREG-1335 states a description of the containment failure
characterization be presented in the IPE report. Specific failure modes to be considered
are identified in Table A.4 of NUREG-1335. PP&L 'evaluated this information and
accounted for failure modes applicable to Susquehanna. Additional failure modes not
identified in NUREG-1335 were addressed in the Susquehanna IPE. These failure
modes include: core damage from unstable operation during ATWS and containment
failure due to loss of either vapor suppression or chamber pressure equalization. This
information is presented in Appendix C sections 3 and 4 and Appendix E.

10

it

When characterizing containment failure, PP&L found that the status of the core and
RPV must be known. Therefore, criteria were developed for assessing the status of the
core, RPV and primary containment. These criteria, which are presented below, were
presented at the NRC sponsored IPE workshop in Ft. Worth Texas during the spring of
1989 (ref. 7). Detailed descriptions are provided in Appendix E.

The criteria described above are necessary to evaluate the rate of success at terminating
the damage progression prior to containment failure. The basis of these criteria is
reviewed below.

CRITERIA FOR EVALUATINGPLANT DAMAGE FROM SEVERE ACCIDENTS.
CORE DAMAGE

The following criteria were used to assess the integrity of the core.

The fuel clad is assumed to burst whenever its temperature exceeds the value
derived from Chapman's burst temperature correlation (ref. 10) which is coded
into BWRSAR. This criterion applies when core cooling is lost.
2.

The fuel is assumed to fail from pellet clad interaction whenever the linear
heat generation exceeds 15.1 kw/ft averaged over any two minute interval.

3.

The fuel clad is assumed to fail whenever the fuel enthalpy exceeds 170
cal/gm.

Criteria 2 and 3 were used to infer core damage below 400 psia during ATWS.
VE

EL FAIL

E

The debris bed in the lower head is assumed to be eoolable as long as water is
present. Once dryout occurs vessel failure is assumed to be certain. The time of
vessel failure is determined using the ORNL BWRSAR code.

NTAINMENTFAIL

E

The containment is assumed to fail if the internal pressure exceeds 140 psig.
The containment is assumed to fail if core debris relocates from the lower
head to the drywell floor prior to flooding the drywell floor with water to a
depth of 18".

11

The potential for core damage arises from two different causes: loss of cooling to the
fuel and power generation in the f'uel in excess of the normal coolant flow's ability to
remove it. The first type of damage can lead to core melting, vessel failure and
containment failure from corium attack. The second type of damage results in clad
failure, but is not expected to result in core melt, vessel failure nor containment failure
from. corium attack. Therefore, these specific core failure modes have been
differentiated.
The criterion for loss of cooling is derived from NUREG-0562 (ref. 11). The data from
this research has been correlated by Chapman of ORNL and incorporated into the
ORNL BWRSAR code which was used to evaluate core damage events from loss of
cooling; The BWRSAR results were used to determine when core damage occurs for
accident sequences which involve loss of cooling. There has been no additional research
performed since the issuance of the IPE concerning clad failure from lack of cooling. If
this criterion were found to be optimistic, the result would translate into core damage
occurring some minutes earlier in the transient. However, there would be little change
in the calculated core damage frequency, since the dominant form of core damage is
from over power, not loss of cooling. In those sequence in which loss of cooling is
important, reducing the amount of time to core damage only slightly increases the
probability of core damage since little credit was given for the repair of failed equipment
during the first two hours of an accident. Therefore, the effect of optimism in the
criterion for core damage from loss of cooling would have only a minor effect on the
calculated core damage frequency.

PP&L has included core damage from unstable operation in risk evaluations of
Susquehanna since 1985. The criterion for core damage from over power was derived
from f'uel vendor test data on fuel failure from pellet clad interaction, from test data
from the SPERT (ref. 24) test and SABRE calculations. This information was used to
infer core damage from large amplitude power oscillations during ATWS events.
Since issuance of the IPE, much analysis has been performed to evaluate core damage
from density wave oscillations induced from increasing the core inlet subcooling during
turbine trip ATWS. PP&L is assessing the impact of this particular failure mode on the
risk associated with Susquehanna operation. Based upon current knowledge, a
conservative interim damage criteria has been specified. Core damage is assumed to
occur if the core inlet subcooling exceeds 40'K. This value is obtained from review of
NEDO-32047 (ref. 12). While no core damage was observed at this subcooling in the
GE analysis, large amplitude chaotic instabilities were observed to occur. Including this
conservative criterion for core damage and the present knowledge of the feedwater
and heating system, the impact on risk from a turbine trip with loss of feedwater
'ontrol

heating is minimal.

PP&L has included an evaluation of terminating the damage progression in vessel since
1985. The initial evaluations were performed using the MAAP computer code. In 1987
PP&L adopted the core damage progression modeling in the ORNL BWRSAR code.
Based upon the damage progression modeling in this code, PP&L concluded that the
damage progression could be terminated in vessel, provided water was maintained in the
12

lower head volume. This conclusion is supported by BWRSAR calculations. Since
issuance of the IPE, the BWROG has contracted with GE to evaluate the ability of
terminating the damage progression in vessel. Based upon the GE evaluations (ref. 22);
the criterion used by PP8cL to evaluate lower head integrity is conservative.

Two criteria for evaluating containment integrity were developed to cover the potential
for containment failure. The first criterion applies to loss of containment integrity from
excessive internal pressure. This criterion is based on stress analysis for the Limerick
Mark II containment. A second criteria applies to loss of containment integrity &om
attack by the core debris on the containment structures. This criterion is based upon
conservative heat transfer calculations which include heat generation from decay heat
and chemical reaction, but includes a realistic heat transfer coefficient between an
overlying water pool and the debris. Based upon this analysis and existing data, an
overlying water pool should quench the core debris and prevent containment failure from
core attack or high temperature failure of the drywell head seal. Subsequent analysis by
NRC contractors corroborates the IPE assumptions.
These failure modes are a direct consequence of the physical processes associated with
the damage progression. Table A.4 of NUREG-1335 also identified containment bypass
failures. The particular failure modes were also evaluated and are reported in Appendix
C sections 3 and 4. Summary descriptions of the failure modes are presented below.
Subsequent discussion explains why direct containment heating and steam explosions
were not directly evaluated in the Susquehanna IPE.

2.12.4.1 Containment Bypass

Two types of containment bypass failures are described in the IPE report: Interfacing
System LOCAs and Isolation Failures. Interfacing System LOCAs (ISL) are described in
Section C.4.3.

The approach taken to evaluate ISL relies on the findings in NUREG/CR-5124, that ISL
is an insignificant risk contributor given a proper test and maintenance program is in
place. Test and maintenance on high/low interface valves at Susquehanna is only
performed at low RPV pressure. Therefore the conclusions in NUREG/CR-5124 apply
to Susquehanna.

Containment isolation failures are described in Appendices A.3.9 and C.4.2, Appendix
A.3.9 describes the control system used to initiate a primary containment and reactor
pressure vessel isolation. This discussion includes a description of the signals used to
initiate an isolation, the logic design and the logic support power requirements.
Appendix C.4.2 summarizes the possible paths of containment isolation failure. The
paths evaluated include: the refueling head, hatches and manways, electrical
penetrations, spare penetrations, CRD penetrations, manual valves, solenoid actuated
valves and motor operated valves. Containment isolation failure is addressed in Section
6.2,4.3 of the Susquehanna FSAR and the Susquehanna SBO rule submittal. Based upon
these evaluations, containment isolation failure following.core damage was judged to be
a small fraction (1%-2%) of the overall containment failure probability. For this reason
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~

~

~

containment isolation failure was limited to evaluating the system dependencies to
.ensure that no pathway was vulnerable to a particular initiating event and failure
combination. Since no vulnerabilities were identified, the frequency of containment
isolation failure given core damage was considered to be a small fraction of other failure
modes. Therefore, no calculation of containment isolation failure was included in the
IPE submittal.
~

~

~

~

~

~

~

~

~

~

2.12.42 Containment Overpressure Failures
Containment Overpressure Failure (COPF) occurs when the internal pressure exceeds
the containment ultimate strength. The containment ultimate strength evaluation for
Susquehanna is based upon the Limerick plant and is discussed in Appendix C.4.1.
Containment pressurization is the result of many processes that occur during an accident.
These processes are associated with various stages of the damage progression as
illustrated in the following Table.
Causes

of Containment Pressurization

Plant State
1.

Process Causing Pressurization

No core damage

Steam generated during core cooling
which is rejected to the containment
results in raising the containment
vapor pressure

2. Core damage from loss
with -the RPV intact

of cooling

3. Core damage with RPV failure

Cause 1. plus H2 generation from
metal water reaction

Cause 1 & 2 plus non condensable gas
generation from core concrete
interaction.

COPF in the absence of core damage is a direct result of excessive vapor pressure. Five
events result in containment failure from excessive vapor pressure. Three events, loss of
vapor suppression during LOCA, loss of compartment pressure equalization, and loss of
reactivity control during isolation ATWS, result in early containment failure. The
remaining two, loss of decay heat removal, and loss of vapor suppression due to SRV
tailpipe failure in the wetwell air space, result in a late containment failure.
Loss of vapor suppression occurs during loss of coolant accidents when a pair of vacuum
breakers fail open prior to or during a LOCA. Loss of compartment equalization occurs
when the vacuum breakers fail to open following a loss of coolant accident. The
containment is assumed to fail 5 minutes after the LOCA if either of these failure modes
occur. Appendix A.2 describes the vacuum breakers and this containment failure mode
is presented in Appendix F.2. These particular failure events were not identified in
~

~

~

~

~

NUREG-1335 Table A.4.
~
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Loss of reactivity control during isolation ATWS events will result in containment failure
due to the imbalance of the heat inputs and heat removal capability. The containment
failure is calculated to occur within 1 hour after the ATWS when all of the reactivity
control systems are failed. Appendix F.3 discusses containment failure resulting from
failure of reactivity control during isolation ATWS events.

of decay heat removal results in containment failure due to the inability to remove
heat from the containment. It is similar to ATWS with failure of reactivity control but
the time frame is much longer. Containment failure is calculated to occur between 32
and 66 hours depending on the particular failure causing loss of decay heat removal.
These times to failure were derived from BWRSAR and state point calculations. Section
4.3.1, Appendix E.3.2, and Appendix F describe failure from loss of decay heat removal
for the various accident sequences.
Loss

Finally containment failure from SRV tailpipe rupture in the wetwell air space was
evaluated. Failure of the SRV tailpipe in the wetwell air space will result in a pool
bypass and containment overpressure failure. High tailpipe internal pressure is the most
likely cause of tailpipe failure. High suppression pool water level is the most likely cause
of high tailpipe internal pressure. Calculations show that the tailpipe can withstand
water levels up to 38'efore the internal pressure is exceeded. It requires many hours to
fill the containment to 38'. Therefore containment failure as the result of SRV tailpipe
failure in the wet well air space is a late containment failure. Appendix C.3 discusses
tail pipe failure calculations. This failure mode was not identifled in Table A.4.
COPF with core damage from loss of cooling, but with the RPV intact occurs as the
result of both non-condensable gas and vapor generation. The non-condensable gas is
generated as the result of metal water reaction during core damage progression, Vapor
generation occurs as in the no core damage case. Core damage reduces the time to
containment failure to between 28 to 56 hours as opposed to 32 to 66 hours for the no
core damage case. These times to failure were derived from BWRSAR calculations and
state point calculations. Appendix E.3.2 and Appendix F discuss COPF with core
damage.

COPF with both core damage and vessel failure occurs as the result of generation of
non-condensable gas and vapor generation and the failure of heat removal capability. It
is assumed that the presence of water on the drywell floor quenches the debris and
prevents containment failure for core concrete interaction. The time to COPF with
decay heat removal failure, however is reduced to 26 hours due to additional noncondensable gas generation ex-vessel. Containment pressurization up to the point of
vessel breach is estimated using BWRSAR. The additional time to failure beyond vessel
breach was estimated using bounding assumptions and state point calculations. COPF
with both core damage and vessel failure is reviewed in Appendix E.3.2 and Appendix F.
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2.12.43 Containment Overtemperature Failure
~

~

~

Containment Overtemperature Failure includes all the containment failure modes that
result from the attack of core debris on the containment structure or components. These
particular failure modes are assumed to occur if the drywell floor is not flooded with 18"
of water prior to vessel breach. The particular failures included in this class are:
~

High temperature failure of the drywell head flange gasket,
Loss of vapor suppression from downcomer melt through,
Drywell linear melt through, and
Overpressure failure due to non-condensable gas generation from core
concrete interactions.

Containment failure is assumed to occur at the time of vessel breach. Therefore all
COTF events result in early containment failures. Appendix E.2 presents the basis for
these failure modes, Timing data and failure sequence information is presented in
Appendix F.

Two containment failure modes, steam explosions and direct containment heating, were
not explicitly treated in the Susquehanna IPE. After review of the existing scientific data
at the time of the IPE, it was concluded that the contribution of these failure modes was
small compared to those discussed above. Furthermore, the consequences of these
failure modes are bounded by those assumed for overtemperature failure. The basis for
this conclusion is presented below.
~

~

~

~

The severity of Direct Containment Heating depends upon: the RPV pressure at the
time of vessel breach, the fraction of molten core ejected at vessel breach, the amount of
unoxidized metal in the ejected melt, the mode of vessel failure, and the amount of. time
available to clear downcomer vents.

DCH was not included in the Susquehanna IPE for the following reasons.
1.

The vast majority of containment failure events with core damage occur
with the vessel intact. DCH is not an issue in these events.

2.

The emergency operating procedures require RPV depressurization when
the RPV water level falls to 1/3 core height. Therefore the RPV pressure
should be low at vessel failure.

3.'he

design includes a 30 day supply of compressed nitrogen
for SRV actuation and a mobile diesel generator to ensure long term DC
control power to the SRVs. Therefore, the Susquehanna depressurization
system design is highly reliable for an extended period of time. Thus the
potential for a low pressure sequence becoming high pressure is small.

Susquehanna

For those core damage events that proceed to vessel failure, the vessel
pressure at the time of failure is about 550 psia as a result of normal
16

measured RPV leakage. This is at the low end of the pressure where
direct containment heating has been evaluated (NUREG/CR-5282).
5.

For those events that result in vessel failure, the drywell contains several
atmospheres of nitrogen gas, which inhibits metal oxidations.

6.

The vessel is predicted to fail at an instrument tube penetration. Thus, the
initial hole size in the reactor vessel is small.

7.

For those events that proceed to vessel failure, the core ejection from the
RPV is slow.

8.

For those events that proceed to vessel failure about 75-80% of the
zircaloy has been reacted prior to being expelled from the vessel.

9.

For those events that proceed to vessel failure only 1/3 of the core is
molten.

10.

In more than 99% of the accident sequences that proceed to high pressure

.

vessel failure, drywell spray operation is expected through either normal
plant systems or the fire main.

Based upon the above reasoning the potential for containment failure from direct
containment heating was considered remote and, therefore, not included in the

probability calculation.
Steam explosions occur as the result of a rapid transfer of heat from the core debris to
the coolant.
Steam explosions were not included in the Susquehanna IPE for the reasons cited for
DCH, plus, the following reasons.
1.

The Susquehanna drywell floor is a flat plane and only allows for an 18"
water pool.

2.

The flat floor promotes spreading of the core debris as it relocates.

3.

There are no in-pedestal downcomers at Susquehanna. The debris must
flow out the pedestal, fail a downcomer and pour into the suppression
pool. Thus, quick relocation of the debris to the suppression pool is not
possible with the Susquehanna containment design.

Based upon the above reasons the potential for containment failure from steam
explosions was not included in the probability calculation. The authors of NUREG/CR5805 (ref. 14) arrived at similar conclusion in their evaluation of the Susquehanna
containment design. They state "For the plants that have a shallow reactor cavity
(Limerick and Susquehanna) the amount of water in the reactor cavity is small, and the
17
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loads resulting from the interaction of the core debris and the water in the reactor cavity
is not expected to be very severe." CONTAIN)CORCON calculations performed by
PP&L show that the delivery rate of core debris to the suppression pool is slow.
Therefore the stated conclusion in NUREG/CR-5805 also applies to the suppression

pool.

2.12.5 Containment Event Trees

The fifth section identified in NUREG-1335 states that a description of the containment
event trees be provided. When practical the NUREG suggests that the status of the
containment, isolated, bypassed, intact, or failed, be determined at the first event tree
node. Additionally, the NUREG specified that the following issues be addressed: release
pathways, isolation signals, availability of isolation signal for all events, test and
maintenance procedures and quantification of each containment isolation failure mode.
Finally, the NUREG states that all front end accident sequences that meet the screening
criteria be represented by a containment event tree.

A description of the containment

event trees (called plant damage state dispositioning
in
F.
These
trees include decision points concerning both the
trees) appears
Appendix
reactor core and the RPV. These decision points were included for the following
reasons:

The containment is functionally coupled to both the core and the RPV.
Therefore any evaluation of the containment must also include an evaluation of
the reactor core and the RPV.

PP&L's IPE focused on identifying methods of terminating the damage
progression. This approach required that time be explicitly included in the
calculation and that the status of unavailable safety functions be queried more
than once.

PP&L imposed an additional Defense-in-Depth screening beyond what was
required in NUREG-1335. This required that the status of the core, vessel and
primary containment be explicitly determined for each accident sequence.
Hl

For these reasons it was not always practical to determine the status of the primary
containment at the first containment event tree decision point. Where practicable, this
determination was made. These cases include: an initiating event without core damage,
and a LOCA with loss of either vapor suppression or compartment pressure equalization.

All issues identified by the NUREG

are either addressed by the containment event trees
as containment failures or in sections of the IPE report. The appropriate sections are
identified below.
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Containment Issues Treated

IPE Report Section

Issue
1. Release Pathways

Appendix C.4

2. Isolation Signals

Appendix A.3.9

3.

Initiator Impact on Isolation Signals

4. Test and Maintenance

5. Quantification

of Containment

Event Trees

Appendix A.3.9
Table C.4..2-2
Appendix C.4.2-3
Appendix B.2.2
Appendix F

The containment event trees were constructed with the explicit intention of determining
the status of the reactor core, the reactor pressure vessel and the primary containment
for the particular initiating event and failure combination being considered. Each
accident sequence is propagated from the initiating event until the sequence achieves a
stable state. The criteria identified in the discussion on containment failure
characterization were use to determine the outcome of a particular decision point.
2.12.6 Accident Progression and Containment Event Tree Quantification
Section six in NUREG-1335 states that a description of the accident progression and the
event tree quantification be included in the IPE report. Specifically, the NUREG
request description of:
~
~
~

~
~

~

~

'

the containment performance in response to various challenges,
the treatment of human error with regards to event tree quantification,
a description'of the EOPs used when developing the containment event trees,
the ability of the equipment to operate in the severe accident environment,
the ability of the operator to execute the procedures given the time, equipment
and environment present during the accident sequence,
a discussion of the approach used to estimate the conditional probability of
containment isolation or bypass failure given core damage, and
discussion of the uncertainty in the calculations given the accident phenomena.

Each of these topics is reviewed in the IPE report.

A summary

follows.

The containment performance in response to the various severe accident challenges is
summarized in Section 1.5 and 3.0 of Volume 1. Appendix E provides the nature of the
containment challenges and Appendix F provides the details of the frequency
calculations. The results of this analysis show that the probability of containment failure
erati n f 11 w
r d ma fr m n
give core damage is 0.01.
n
m
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r
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n inmn
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~

inmen failure. The physical models used to derive this result are described in
Section 2.2,2.
~

~

n

~

~

~

~

~

The treatment of human error is provided in Sections 2.3.6, 2.3.7 and Appendix D.2.
basic approach used when evaluating human error is to demonstrate that the PP&L
Defense-in-Depth Criteria presented in Section 2.1.1 of the IPE report are satisfied for
each accident sequence. Defense-in-Depth is evaluated using transient analysis,
simulator exercises and operator interviews. Given that the Defense-in-Depth criteria
are satisfied for a given accident sequence, the operator error is estimated using the
rules in the following Table. Appendix D.2.5 presents the results of sensitivity studies
performed to evaluate the risk achievement worth of important operator actions.
'he

Quantification of Operator Error

Error Probability

Rule

Entry into appropriate procedures
given the necessary time and
information (procedural or cognitive

0 per demand

error)
Familiar actions with extreme time
margin and the absence of ambiguity

O.per demand

Actions with moderate time pressure,
limited manpower, or complex
execution

< equipment failure rate

Actions taken under extremely adverse
and time limited conditions or in the

1

absence

per demand

of procedures

The emergency operating procedures assumed when performing the IPE are presented in
Appendix D.1. These procedures were developed to satisfy the PP&L Defense-in-Depth
Criteria. Descriptions of: Scram Recovery, RPV Level Restoration, Reactivity Control,
Flow Power Control, Primary Containment Control, and Suppression Pool Level Control
are provided. The installed instrumentation used when implementing the procedure
steps is presented in Table D.1. This Table includes a description of the
instrumentation, its location and. its classification.
Qualification information is provided in Appendices C4.2 and C.5 for the primary
containment, secondary containment and control structure during severe accidents. This
~

~

~

~

~

~

~

~

~

~

~
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information is provided in Appendix C.4.2 for the primary containment. It includes
failure temperatures and pressures of the: refueling head gasket, hatches, electrical
penetrations, spare penetrations, CRD penetrations and primary containment valves.
Appendix C.S presents the evaluation of the secondary containment and control
structure. The evaluation concentrated on determining the impact of elevated
temperatures on electrical components. The calculations were performed assuming the
containment integrity remains intact. If containment integrity is lost all reactor building
equipment in the affected unit is assumed to fail. Disengaged motor operated valves
were assumed not to change state. For this reason PP&L EOPs require the operators to
align alternate means of RPV injection if loss of containment is anticipated.

All operator

actions are reviewed against Defense in Depth. These criteria are defined
in Table 2.3.5. The interface criteria requires that the necessary information, time and
facility be available for the operator to execute the procedure. If these criteria were not
met, changes to the plant design, procedures or training program were made. By
satisfying Defense-in-Depth, the ability of the operator to execute these actions is

This Defense-in-Depth evaluation was performed using the reactor transient,
containment transient, and building HVAC calculations, procedure walk downs,
simulator exercise and operator interviews. Thus for every procedure implemented at
the Susquehanna plant there is a high degree of confidence that the operator will reliably
execute the step.
assured.

Isolation and Interfacing systems LOCAs are review in Appendix A.9 and C.4. They are
discussed in previous sections of this writing.

Finally the Susquehanna IPE is based upon a presumed core melt progression. If this
presumed damage progression is incorrect then the success rate of terminating the
damage progression will change. Appendix E.3.3 discusses issues that affect containment
integrity. The issues considered are: concrete composition, the amount of unreacted
zirconium in the pour out the bottom head, the presence of water on the drywell floor,
and the rate of pour out the bottom head. The net effect of these uncertainties is
calculated to increase the containment failure probability as much as 20 times.
2.12.7 Radiological Release Characterization
Section seven in NUREG-1335 states that the magnitude of the radionuclide release be
estimated for those accident sequences identified during the IPE that exceed the
NUREG-1335 screening criteria. In performing the IPE the staff encourages earth
licensee include consideration of potential accident management strategies. The entire
focus of the Susquehanna IPE was to identify and eliminate vulnerabilities, (as defined
by not satisfying the PP&L Defense-in-Depth criteria), through improvements to
equipment, procedures and training. These improvements, as described in Section 6 of
the IPE, have or are being implemented in the plant and are taken credit for in the IPE.
As one would expect, incorporating improvement reduces the calculated risk associated
with plant operation. Therefore, eliminating vulnerabilities, by satisfying Defense-inDepth, has resulted in a very small calculated frequency of core damage and
containment failure.
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Because the calculated core damage frequencies are small, only two of the NUREG-1335
screening criteria apply to the Susquehanna plant: Functional sequences that contribute
more than 5% to the total core damage frequency; and judgment. MSIV closure ATWS
contributes more than 5% to the total core damage frequency and therefore a
radiological assessment was performed on this type of accident sequence. Six additional
accident sequences were evaluated since they are representative of a large number of
accident sequences. In all a radiological assessment was performed on the following
accident sequences:
~

~

~enence

1:

Recirculation line break occurs at t=0. (Classified as medium break in Level
IPE)

1

ADS when level drops to -129"
No vessel injection
No drywell spray, no containment cooling
Vacuum breaker failure (pool bypass)
Sequence results in core damage, low-pressure vessel failure and dry containment floor.

~eence

2:

~

Break occurs at t=0. (Instrument line break, small break L1c)

~

No high pressure makeup

~

No ADS capability

~

No diywell spray

~

No suppression pool cooling

Sequence results in core damage, high-pressure vessel failure and dry containment floor.

$ CQQCnQ~:

Short term SBO (or failure of 2 DC busses)

No high pressure injection

.

Loss of depressurization capability

No drywell sprays
22

Sequence results in core damage, high-pressure vessel failure and dry containment floor.

inc~4:
~

Short term SBO with failure of high pressure injection

~

Reactor depressurization successful

~

Low pressure makeup systems are not available

~

No drywell sprays

Sequence results in core damage, low-pressure vessel failure and dry containment floor.

~euence
~

Short term SBO with loss of high pressure injection

~

Reactor depressurization successful

~

Reduced-flow-rate low pressure injection is available and prevents vessel failure
(fire suppression system water)

~

Drywell sprays are available

~

No suppression pool cooling

Sequence results in core damage, and in-vessel recovery.

~eon ~:
Long term SBO with battery depletion
Reactor is depressurized to reduce heat addition to drywell. HPCI is used for
makeup

Battery failure at 6.5 hrs. causes closure of SRVs which result in repressurization
of the reactor
~

Battery failure also causes loss of high pressure injection

~

Drywell sprays are available (fire water)

Sequence results in core damage, vessel failure at high pressure and wet containment

floor.

~

Isolation transient with failure to scram

~

Manual rod insertion initiated (hot shutdown at -140 min.)

~

HPCI operable

~

Reactor is depressurized as a result of reaching HCTL

~

No suppression pool cooling

~

No drywell sprays

~

Containment fails causing loss of all vessel makeup (assumed)

The source term calculations were performed by Risk Management Associates (RMA)
for PP&L. PP&L provided RMA with input decks for BWRSAR and CONTAIN, and
provided fission product inventories for the source term calculations. RMA used the
BWRSAR(TIMPMELT3$ CONTAIN1.12 code set when performing these calculations.
The input data and modeling assumptions used in performing these calculations are
contained in Volume 5 of the IPE report. Specific fission product release inventories are
provided in Volume 5 Section 4.0
~

~

2.12
~

~

Evaluation of New Data Since the Susquehanna IPE Was Issued
~

Since the Susquehanna IPE was issued, new data, with significance to the backend
analysis, has become. available. This data concerns core damage from unstable operation
and containment failure from corium attack. This new data is supportive of the damage
progression approach used in the Susquehanna IPE.

The Susquehanna IPE is possibly unique in its inclusion of core damage as the result of
unstable operation during ATWS. A recent General Electric Report, NEDO-32047
(ref. 12), has demonstrated the potential for core damage from unstable operation during
some ATWS events. This report corroborates the PP&L contention that core damage
from unstable operation is a possible result of ATWS.
The PP&L ATWS procedures are written in a manner which avoids those regimes of
operation where the reactor is believed to be susceptible to unstable behavior.
Therefore, appropriate procedural changes necessary to resolve ATWS stability are
incorporated into the Susquehanna EOPs. These procedures are a direct outcome of the
PP&L approach to the backend analysis which integrates the IPE and the accident
management program.
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Since the issuance of the IPE at least the following reports have been issued describing
research results in the area of core debris containment interactions; NUREG/CR-5423
(ref. 15), NUREG/CR-5565 (ref. 9), NUREG/CR-5623 (ref. 16), and the paper
"Analysis of Corium Spreading in Mark I Containment Geometries." NUREG/CR-5423
and the referenced paper support the conclusion that water on the drywell floor will
prevent containment failure from core attack on the containment structures.
NUREG/CR-5565 & NUREG/CR-5623 tend to reject the conclusion that water on the
drywell floor will prevent containment failure from core attack on the containment
structures. However, the authors of these reports state (ref. 9) "Since it was not feasible
to perform plant-specific evaluations for each of the six pedestal/cavity designs during
the course of this project, a single deep-cavity design (representative of La Salle and
WNP-2) was selected. The choice of this design was dictated by current CORCON and
MELCOR code modeling limitations which preclude credible analyses of designs in
which debris would be allowed to spread for flow outward from the in-pedestal to the expedestal region of the drywell floor," Susquehanna is not a deep cavity design, but a flat
floor which would allow the debris to spread out and be cooled by the overlying water
pool. Therefore the conclusions presented in these two reports do not apply to
Susquehanna. NUREG/CR-5423 and the Analysis of Corium Spreading were performed
to speciflcally examine core debris spreading on a flat drywell floor. These reports
conclude that containment failure as a result of corium attack can be precluded by the
presence of an overlying water pool. Therefore the more recent research supports the
assumptions made in the IPE.
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Common Cause Failure

22.1

Introduction

During review of the PP&L IPE submittal, NRC Staff raised several questions
concerning the treatment of common cause failure (CCF) in the IPE. Specifically, Staff
questioned:

the extent of industry experience considered in the IPE modeling,
the level of detail of hardware modeling, and
the impact of CCF on the man-machine interface.

While dependent failure and the PP&L treatment of CCF are discussed in Section 2.3,4
of the submittal, the discussion is of a general nature and does not present explicitly
either the numerical values used for CCF in the plant damage state quantification, or the
reasoning behind the PP&L selection of these numerical values.

To clarify the treatment of CCF in the IPE, the following sections expand on the
material originally provided in Section 2.3.4 of Volume 1 and answer the above three
questions. Specifically, the following sections provide first, a review of typical guidance
on performance of dependent failure analysis; second, a detailed discussion of the
parametric values used in the IPE to model the contribution of CCF to the calculated
PDS frequencies; third, a discussion of how the PP&L approach is consistent with the
intent of the industry guidance and answers to the above questions; and finally, an
examination of the proper role of CCF in probabilistic analysis.
~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

222 Industry Guidance for Dependent Failure Analysis
To provide a background for further discussion of CCF, guidance available to the
industry is reviewed. While much has been published in the open literature concerning
dependent failure, the guidance available in the "PRA Procedures Guide", NUREG/CR
2300 (ref. 18), is taken as "typical" and is assumed to be a suitable standard. This section
reviews the discussion'provided in NUREG/CR 2300.

222.1 Types of Dependence
Failure of one system may cause, either directly or indirectly, the failure of others. This
is the result of the significant degree of inter-dependence of systems within a nuclear
power station. Such failures are called "dependent" failures and may be segregated into
three basic types: initiating event (IE), support system, or common component failure.
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IE type dependent failures arise when some initiating transient disables multiple systems
Examples of transients which cause dependent failures are Station Blackout (SBO),
which causes common loss of all AC powered equipment, or seismic events, which may
cause loss of equipment with f'ragility limits below the corresponding seismic spectral
acceleration.

Support system type dependent failures are caused by failure of a system which provides
some required function (e.g. power or cooling) to multiple otherwise independent
systems, causing the failure of these other systems. The dependence may be a direct
mechanical or electrical connection, or it may be indirect: either a so-called functional
dependence (e.g. system B can function only if system A is successful first); or a physical
dependence (room cooling fails and causes loss of all temperature sensitive instruments).
These types of failure are also called "inter-system" failures.

Common component failure arises when all components of a given type fail and cause
of the multiple equipment trains in which the component is found. Such failures
may be modeled at the system level or at the component level. It is the common
component type failure which is typically referred to as "common cause failure", CCF.
While common components may be found across systems with various functions, common
component failure is typically modeled within a given system with multiple redundant
trains, e.g, RHR. For this reason, common component failure is also called "intrasystem" failure.
loss

2222 Methods of Accounting for Dependent Failure
The effect of dependent failures on the calculated Plant Damage State (PDS)
frequencies must be considered. This requires that dependent failures be included in the
event and fault tree models. The modeling of dependent failure may be considered
either explicit or implicit depending on the obviousness of the dependent failure couple.
Explicit modeling describes a known cause and effect dependence. For example, if AC
power is required to operate a pump and AC power is lost, the pump fails. Implicit
modeling is used to describe dependent failures which occur or could occur, but for
which actual failure data is sparse. Implicit modeling captures the "effective" dependent
failure rate when the dependent couple is unknown or probabilistic. Implicit modeling is
typically used to describe CCF.

Initiating event and support system dependent failures are included explicitly in the
system fault trees and event trees. Accident transient calculations and detailed system
analysis provide the information needed to understand the impact of the-IE on the
frontline and support systems, and the inter-dependence of the frontline and support
.systems. This information is used to develop the applicable impact vectors and
dependency matrices or fault trees used to capture the explicit dependencies,
The modeling of CCF accounts for those dependent failures which are "left over" after
the explicit failure modes have been described. Typically some parametric value (e.g.
beta factor) is assigned to each multi-train system which accounts for the greater-thanindependent probability of all redundant trains being out of service simultaneously. This
27

~

~

~

parametric value can be some fraction of the total train failure probability and is derived
from the study of industry experience with simultaneous failure of redundant trains of
similar equipment. Failure data is obtained at the system and not the component level.
r
i
The PRA Pr
notes that the strength of this method is the ability to use
actual experience data without identification of a specific failure root cause. The Qg~ie
also cautions that "care must be taken to ensure that the operating experience is relevant
to the particular system and plant." Once a suitable parametric value has been
determined, it is included in the system fault trees.
~

~

~
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~

~

Results of the Standard Approach

The results of the standard approach to quantification of d'ependent failure are event
trees and fault trees which capture the explicit dependencies of the frontline and support
systems on both the initiating event and the support systems themselves. From reviews
of plant specific and industry data, this approach also provides estimates of both the
independent and, for multi-train systems, common cause failure probabilities. For multitrain systems, CCF invariably dominates the system failure probability and independent
failure can typically be ignored. The goal of this method is the accounting for
event/system dependencies and the proper ranking of single train and multi-train system
failure probabilities.

223 PAL Approach taken in the IPE
PP&L recognizes that dependent failure must be accounted for in the PDS quantification
because no system in the SSES is truly "stand alone"; immune from all initiating events
and independent of all support systems. The IPE analysis accounts for these
dependencies, both explicit and implicit.

223.1 Initiating Event and Support System Dependencies
The IE and support system dependencies are explicitly accounted for in the IPE via the
impact vectors and dependency matrices (Reference Appendices A, B and F of the IPE).
The information required for the development of these vectors and matrices is obtained
from both detailed system evaluation and transient analysis. This information is not
derived after a single review of system descriptions etc., but iteratively as new knowledge
is obtained and new questions are generated. Much of the dependency knowledge is
built on and augments knowledge previously gained from the PRA efforts of the early
1980s, the IDCOR IPE work completed in 1986, and the Integrated Risk Reduction
Study of 1989 previously mentioned in Volume 1.
Some dependencies are easily seen, others are obscure. The definition of some initiating
events themselves often partially defines the impact vectors. For example, LOOP
obviously results in a loss of off-site power sources; ATWS the loss of the automatic
scram function. Beyond the obvious impacts, however, are other impacts whi'ch are
discovered only after additional system study. Again in the case of LOOP, study of the
AC power distribution system and the CIG system shows that LOOP also results in
closure of the MSIVs and the loss of the condensate pumps. Study of the main steam
~

~

~

~

~
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system and the condensate system shows that MSIV closure results in the losses of FW
for high pressure injection and the condenser as a heat sink. Still further study shows
that often times cascading dependencies are present. For example, loss of TBCCW
results in the loss of the condensate pumps from loss of motor cooling. However, loss of
instrument air results in the loss of TBCCW. Thus loss of instrument air will also cause
loss of the condensate pumps. The system study has the additional benefit of
illuminating positive dependencies in SSES. For example, instrument air may also be
supplied by service air as well as the alternate unit's instrument air and service air
systems. Thus, if time and procedures allow, these other sources may be used to
mitigate the initial loss of IA.

The transient analysis models the physical processes of each event tree sequence,
allowing functional dependencies to be found. This analysis results in descriptions of the
temporal behavior of the thermodynamic system properties and is performed using the
codes described in Appendix B. Typically, such things as reactor vessel and containment
temperature, pressure, and water and non-condensable gas masses, or reactor power, or
room temperatures are determined. Such analysis reveals limitations in the ability of
equipment to mitigate events. For example, such analysis allows us to include the use of
CRD pumps for preventing fuel damage for non-ATWS transients, but forces us to
eliminate consideration of CRD pumps for such purposes in ATWS. The analysis allows
us to consider HPCI for small break LOCA defense but not for large break LOCA.

In essence, explicit functional dependencies are determined by modeling the physical
transient processes and identifying the equipment available at SSES to fulfillthe four
basic safety functions of reactivity control, vessel inventory control, vessel pressure
control, and containment decay heat removal control. Inter-system dependencies are
determined through detailed electrical and mechanical systems analysis that identifies
which systems are capable of supplying the required support functions of power (AC,
DC, pneumatic), component cooling, room cooling, and I&C. Once these dependencies
are identified, they are captured in the impact vectors, fault trees, and dependency
matrices used in the PRAC (Appendix B). This code uses the primary dependencies as
input and identifies any secondary, tertiary and higher order dependencies which may
exist. Appendix F contains several examples of the fault trees and dependency matrices.
In this manner, the IE and support system dependencies are accounted for in the IPE
analysis.
U

2.292 Common Cause Failure
The IPE analysis accounts for CCF in vulnerable frontline and support systems. To be
considered as having the potential for CCF, a system must be composed of multiple
trains of redundant equipment. That is, systems which are not single failure proof are
dominated by single component failures and are not considered vulnerable for the
purposes of CCF modeling. Again, the purpose of CCF modeling is to account for
failure rates of redundant systems which are higher than what would be expected if all
trains pere independent. The CCF couple does not account for known direct
dependencies such as common power or cooling sources shared among redundant trains.

As described above, known direct dependencies are accounted for in the impact vectors
and dependency matrices.
~

~

Despite the availability of so called "common cause failure data bases" (ref. 20), common
cause failure data is sparse. Central to this lack of data is its generally plant specific
nature and the fact that potential common cause failures, once identified, are typically
fixed. While methods of screening and manipulating existing data to make it more plant
specific are available (ref. 19), PP&L did not expend considerable resources in this data
manipulation because of its subjective nature and the inherent large uncertainties which
remain in the results. Thus, there is a recognition that some potential for CCF in
redundant systems exists, but that the subjective quantification of CCF typically
dominates the results of PRA analyses.

The following approach is used in the IPE to account for CCF in the PDS frequencies.
First, frontline systems which fulfillthe four safety functions and important multi-channel
support systems are examined for CCF susceptibility. (Importance is determined by
those support systems whose loss results in reactor scram, i.e. the "special transients"
described in Appendix F, or especially severe transients, i.e. LOOP/SBO or ATWS.)
Second, if sufficient, SSES data is used to determine the extent of CCF coupling in these
systems. Third, detailed examination of industry data was performed specifically to
identify instances of common cause failure of the 1E batteries, the scram discharge
volumes, and the RHR system. Fourth, for those systems for which insufficient SSES
specific data exists, CCF couple parametric values are selected based on "typical"
industry values for similar systems. Finally, credit is taken for SSES specific fixes,
including hardware changes or the ability to manually manipulate components if event
timing permits, which eliminate the most significant causes of CCF.
~
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The systems evaluated for CCF susceptibility're listed in Table 2.2.1 along with their
applicable CCF dispositions. Note that in most cases the systems used to mitigate the
effects of severe accidents are not dominated by CCF. That is, the loss of these systems
is dominated by the IE itself or the loss of an individual component or support system.
This situation results because either the system has only a single train for purposes of the
IPE, or modifications are in place which reduce CCF. While some systems have multiple
trains which can be used to mitigate plant damage (e.g. the CRD system), time available
(ATWS) or individual train capacity (transients) may cause these systems to be
dominated by single failures and thus are not CCF susceptible.

The following remarks provide additional details for various CCF dispositions in Table
2.2.1. In the case of SLC for reactivity control, a factor of 20 is assigned to the
independent failure frequency to account for CCF. Despite the lack of CCF,data found
for the industry in general (e.g. 1991 Draft of Reference 20) and SSES specifically, the
inability to test squib valves or boron solution pumping at power leads us to increase the
estimated likelihood of failure by about one decade.
SSES data (scram-reports) are used to develop the likelihood of FW failure given that
the MSIVs are @yen. The CRD system is not a multi-channel 'system for inventory
control to prevent fuel damage.
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The low pressure RPV inventory control systems (CS, LPCI, and the Fire Pump) are
multi-train systems (see Appendix A of the IPE). The IDCOR-IPE work for SSES
completed in 1986 identified the loss of the common low pressure permissive (LPP)
circuitry as the dominant mode of failure for the CS and LPCI systems. A modification
is installed in the SSES control rooms to bypass this failure mode for CS. No such
bypass exists for this logic failure for LPCI. Credit is taken in the IPE analysis for this
bypass switch and no CCF is assigned to CS. A "typical" CCF frequency is assigned to
LPCI. Appendix C.6 in Volume 3 of the IPE contains a more detailed discussion of the
LPP. Based on diesel generator failure data published in Reference 21, a common mode
couple of 0.067 was used to characterize the failure probability of both diesel driven fire
pumps.

The RPV can be depressurized using either the ADS valves or the relief valves when the
MSIVs are closed. A common mode couple of 0.50 between the ADS and non-ADS
SRVs is used, based on engineering judgment. This couple produces a probability of
failure to depressurize of 6E-6 per demand. This failure rate is comparable to those of
other PRAs.

In the area 'of containment decay heat removal control, two systems are considered. The
drywell spray mode of RHR is used to provide an 18" water layer capable of freezing
corium debris pouring from the reactor vessel. The SPCM of RHR is used to remove
decay heat from the containment (see discussion of containment failure modes). PP&L
has put in place a number of modifications to equipment and procedures which reduce
the likelihood of common mechanical failure of these systems (see Table 2.2.2). Thus, in
terms of CCF, both systems are limited by common failure of valves outside the
containment (Appendix A.3-5 in Volume 2). Sufficient time exists to manually stroke
these valves from inside the reactor building for both modes of operation. While
significant numbers of common cause failures of valves have been reported by the
industry, most are failures of torque switches and motor operators. Thus, it is reasonable
to expect manual valve operation to be successful given that time is available.
Therefore, no CCF is assigned to drywell spray or SPCM.

A review of industry

experience with RHR failure, specifically for SPCM, was performed
for the IDCOR-IPE work of 1986. This work was based on the data of NSAC-88,
reviewed for applicability to SSES. This work revealed that the most likely loss of
multiple trains of RHR occurs when one train is in maintenance and the other
experiences an independent failure. This failure mode is modeled explicitly in the

current IPE.
CCF is also assessed for the most significant support systems. The CCF contribution is
embedded within the assessed initiating event frequencies for both LOOP and ATWS.
For TBCCW, a common cause couple between the two TBCCW pumps of 0.16 is used
based on judgment. Detailed reviews of SSES and industry experience are performed for
assessing CCF for the emergency diesel generators and the station batteries (Appendices
C.2 and C.7 in Volume 3 or the IPE). There have been over 6000 starts of the
Susquehanna EDGs. The frequency of multiple EDGs out of service simultaneously is
no greater than what would be expected from random independent failure. Review of
31

battery and battery charger data reveals no simultaneous failures. In addition, no
simultaneous battery failures have been reported in the industry. Because of the
extensive surveillance and test schedule imposed on the batteries, no CCF couple is
S SES

assigned.

2239

Defense in Depth

Integral with the evaluation of dependent failure in the IPE is establishing Defense in
Depth. In determining the extent of Defense in Depth, the complete loss of each
frontline system is assumed in turn and an evaluation of which systems remain to fulfill
the required safety functions is completed. Thus, the impact on plant safety
improvements because of the uncertain quantification of potential CCF is reduced.
PP&L does not accept that SSES is "safe enough" because some calculated potential for
CCF happens to be small. Conversely, large estimated values of CCF are not used as
justification for ignoring other sequences which may have small calculated frequencies
because of a lack of CCF. If Defense in Depth exists for functionally and systemically
independent equipment, plant hardware defense against severe accidents is judged to be
sufficient.
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IPE Compliance with Industrial Guidance

22.4
~

~

~

The following sections show that the approach taken in the IPE to evaluate dependent
failures is consistent with the guidance provided to the industry. This section also
provides answers to the questions posed by the NRC Staff during the review of the
PP&L IPE.
22.4.1 Initiating Event and Support System Dependent Failures
e

r
i e, taken as the standard reference for CCF, specifies that
The PRA Pr
equipment losses resulting from initiating events or support system failures be explicitly
accounted for in the fault trees and event trees used in the analysis. Knowledge required
to identify these dependencies is derived from thermal-hydraulic calculations and
detailed system evaluations. As described in preceding sections, PP&L performs detailed
thermal-hydraulic calculations and system evaluations to identify the impact of IEs
and/or support system failures. The IE effects on both frontline and support system
equipment are captured in "impact vectors". Support system dependencies are
embodied within "dependency matrices" which map the effect of support system failures
on the frontline and other support systems. Both impact vectors and dependency
matrices are used as input to the PRAC, the computer code used for fault tree reduction
and sequence quantification.

22.42 Common Cause Failure
The recommended procedure for accounting for CCF is to evaluate known instances of
CCF within the industry, manipulate the applicable industry experience to synthesize a
"plant specific" CCF data base, derive parametric values from this data base which
modify the multi-train independent failure rates, and include these parametric values in
the system fault trees, event trees, and dependency matrices used in the event sequence
quantification. In the IPE, important multi-train systems are evaluated for susceptibility
to CCF. SSES specific data is used, if available, to quantify the extent of CCF at
Susquehanna. In the specific case of battery failure, a detailed review of industry
experience shows no CCF for batteries. For those systems which appear susceptible to
CCF but for which insuffiicient SSES data exists, "typical" values of common cause
coupling parameters are used in the sequence quantification. PP&L has identified
various CCF modes through SSES operation and severe accident studies and has
identified fixes which mitigate the consequences of CCF. Credit for these fixes is
assumed in the study and is allowed by Reference 19. This treatment is sufficient to
properly account for the existence of CCF in multi-train systems and meets the intent of
the industry guidance.

22.49 NRC Questions
This section responds to the questions posed by the staff. First, the PP&L treatment of
CCF includes industry experience to the extent that if SSES data is insufficient to
provide an indication of the frequency of multi-train system loss, industry-typical common
mode couples are used. PP&L is cognizant of the CCF data bases available, and is of
~
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the opinion that existing parametric values which describe the loss of redundant systems
are sufficient to properly rank the failure of these systems in the IPE study. A detailed
review of the AC and DC power systems was performed due to the importance of these
systems. Sufficient SSES specific data exists to allow the characterization of CCF for the
emergency diesels at Susquehanna. Because of the lack of battery failure data at SSES,
a review of industry wide experience is performed. The detailed review of industry RHR
system failures performed for the IDCOR-IPE work is also included in this IPE.
Second, the system models used in the IPE are detailed to the level required to capture
intra-system redundancies 'or segregate support system dependencies (Reference
Appendix A and C.1). As an example, the RHR system can provide cooled injection to
the vessel, injection to the suppression pool, or spray to the drywell. The modeling of
RHR considers the RHR pumps, common for all modes of RHR, as a support system.
The specific piping, heat exchangers, and valves required for each RHR mode of
operation are considered separate frontline systems. This detail is repeated for each
division of RHR. Block diagrams are constructed for each IPE "system". defined which
retain the individual functions of specific groups of equipment. Each block may contain
several components if the components fulfilla single common function. As an example,
a pump, the pump motor, suction and discharge isolation valves aro'und the pump, valve
operators, and the power breaker feeding the pump may all be grouped within a block
because failure of any one component fails the function of the entire block. However, a
single DC bus is considered in a block by itself because its failure affects multiple blocks
in other systems. Equipment detail within blocks is limited to large components (pumps,
valves, breakers, etc.) because SSES and generic data is typically pooled and reported at
this level. As an example, motor operated valve failures are typically tracked as "failure
to open" and not "failure of worm gear". Tracking the failure of large components in
specific systems correctly partitions the ef'fects of the multiplicity of small component
failures possible in the plant.

Lastly, the impact of CCF on the man-machine interface is addressed. PP&L takes as a
definition of this interface the instruments and controls which provide information for
event diagnosis and equipment monitoring, and which allow the operator to actuate
mitigative equipment. Systems analysis performed for this IPE, as well as the IDCORIPE work of 1986 and the more recent SBO work completed in 1989, considers this
interface in detail. The systems analysis shows that the failure of this interface is
dominated by the loss of DC power supplies used for breaker closure during equipment
actuation. Monitoring capability consists of multiple sensors fed from multiple AC or
switchable DC battery power. Actuation is the weak link of the interface with loss of
DC power failing both automatic and remote-manual actuation capabilities. This
weakness is captured directly in the IPE dependency matrices and the simultaneous loss
of multiple DC channels surfaces as a major fraction of the core damage frequency
calculated in this IPE. This loss does not violate the defined Defense in Depth criteria.
The operable CRD pump provides for vessel protection and the fire main provides for
debris cooling on the drywell floor. The loss of DC buses is further mitigated via
operator action to restore DC power from the other unit.
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The single CCF mode identified for the man-machine interface is the possible
simultaneous loss of all vessel level instrumentation (Appendix A.3.10). Loss of this
instrumentation is hypothesized in cases of rapid vessel depressurization and is
postulated to occur by loss of the reference legs from either Gashing at high drywell
temperature or dissolution of non-condensible gas. This mode of equipment failure is
recognized in the BWR industry and is mitigated by operator actions identified in the
EOPs, specifically EOPs-102 "RPV Control", -112 "Rapid Depressurization", and -114
"RPV Flooding" (Appendix D in Volume 3). This form of CCF is judged not to have a
big impact on calculated PDS frequency. The response to loss of vessel level is
continuous injection, and rapid depressurization loss has been eliminated during ATWS
except when required for core cooling.
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Thus, the impact of CCF on the man-machine interface has been considered in the IPE,
The impact of DC dependent inter-system failure is a big contributor to calculated core
damage frequency. However, this impact is mitigated by use of additional equipment
and operator actions identified through Defense in Depth evaluation.

22.4.4 Comparison of Results from Standard and PP&L Approaches

As stated in prior sections describing the standard industry approach to dependent
failure, the goal of this approach is the identification of significant initiating event, intersystem, or intra-system dependencies and the proper ranking of single train and multitrain system failure probabilities. These dependencies are incorporated into the system
fault and event trees and provide indications of which plant systems are most important
from a risk perspective.
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The PP&L approach may differ in detail, but is essentially the standard industry
approach and does provide an indication of which systems are risk-important. In the

PAL approach:

event tree/fault tree construction and transient analysis illustrate results of failure

of frontline systems,
support state calculations reveal important common support systems,

individual system evaluations reveal important intra-system failure points (CCF
impact on man-machine interface),
equipment failure data reviews illuminate the most susceptible systems, and

Defense-in-Depth evaluations illustrate those systems whose operation is
important given failure of first-choice mitigative systems.

The IPE treatment of dependent failure is consistent with the intent of the standard
industry guidance.
~

~
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22.5

The Role of CCF Analysis

Despite the remote probability of CCF, CCFs occur in multi-train systems from
unforeseen causes. For example, loss of EDG cooling from zebra mussels, failure of
multiple valves from water intrusion to instrument air, and failure of FW pumps to trip
on demand from mechanical binding, are all events which occurred in the United States
in 1992 at nuclear sites with PRAs or IPEs. In no case was the cause of the CCF
identified in the risk study but was discovered only through plant operation. This lack of
identification is not seen as a weakness of these particular studies, but illustrates the
typical inability of the PRA methodology to reveal CCF modes.
Nevertheless, some attempt to quantify the CCF frequency must be made so that the
higher-than-independent failure rates seen in multi-train systems are properly reflected in
PDS quantification in the IPE. The CCF rates so determined are important because of
the mix of single-train and multi-train systems considered in the IPE and the desire to
properly rank the system failure probabilities within the study. Barring some specific
defense against it, common cause failure cannot be discounted.

The difficulty in quantification is generally the lack of plant specific data or knowledge.
The quantification becomes an exercise in industry data review and judicious screening
of this data. However, because significant site specific CCFs are typically fixed when
found, the site specific data base is constantly changing. Compounding the difficulty of
CCF quantification is the enormous number of individual components in the plant,
spread throughout multiple systems. Grouping of these components for CCF study is
arbitrary. The problem of CCF quantification is thus unbounded.
The typical PRA study is dominated by CCF from unspecified causes, as a core damage
contributor. One is left with a seemingly large vulnerability and nothing to do about it.
Worse, the revelation that the vulnerability is the result of an assumption on the part of
the analyst casts doubt on the validity of the study as a whole, making the ability to
implement real safety improvements all that more difficult. Thus, PP&L emphasizes
Defense in Depth evaluations over CCF quantification.

The PP&L approach reflects the guidance of NUREG 1335 in the following ways. First,
every effort is made to identify known initiating event and inter-system dependencies
explicitly, and to account for these dependencies in the fault trees/dependency matrices
in the IPE. This approach segregates and reduces the contribution of CCF. Second,
most CCF modes are revealed gradually through normal operation and testing or show
up as premature drift or wear-out. Also, on-going review of industry events provides a
method for identifying new CCFs. Corrective actions further reduce the chance of CCF.
Third, Defense in Depth review identifies additional equipment/procedures to be used in
the event of system failure, regardless of failure frequency. This identification ~n
'm I
n mitigates the effects of unknown, unseen, residual common
n i n in h
cause failure.
1
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the implementation of fixes to identified vulnerabilities which reduces operational
risk and provides real safety improvement. The risk due to dependent failure has been
studied at PP&L. As a result, the potential for dependent failures, both explicit and
from CCF modes, has been reduced through plant modification. A partial list of these
dependent failure improvements is provided in Table 2.2.2.
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Human Reliability Analysis

NUREG-1335 states, in response to question 9.2: ''The objective of doing the analysis is
not to establish the process of doing a human reliability analysis, but to make the plant
safer through the human reliability analysis and subsequent accident management
program."

PP&L endorses this purpose and, as described in the proceeding Sections, has
interwoven this concept into the IPE and accident management program. This section
describes how BRA has been used in the IPE to achieve this objective.
29.1

PP&L's Human Reliability Evaluation Procedure

Over the past decade PP&L has been applying risk analysis methods to investigate
severe accident issues associated with the design and operation of Susquehanna. The
purpose of these investigations was and is to identify plant vulnerabilities to severe
accidents and to find means of reducing the risk associated with Susquehanna in an
effective manner. Therefore the methods employed when evaluating human
performance are targeted at identifying and resolving human performance issues, not
predicting the chance of failure.

Prior to describing PP&L's approach, important measures in risk assessment are
reviewed. While there are many such measures, the two which are most frequently
applied are the risk achievement worth and the risk reduction worth.
The risk achievement worth is defined as the increase in risk if the function was assumed
not to exist, or its failure probability is assumed to be one. The risk reduction worth is
defined as the decrease in risk if the function were assumed to be perfect, or the failure
probability is set equal to zero. The risk achievement worth is useful for identifying what
improvements are most likely to maintain the current level of risk. The risk reduction
worth is useful for identifying improvements likely to reduce risk. Both important
measures are applied to obtain a complete picture of a given actions importance.

An integral part of these studies includes a comprehensive assessment of the operators
role in responding to an accident. The method employed to investigate operator
response has evolved and the knowledge gained from performing these studies has been
incorporated into PP&L's IPE. Since the goal of risk assessment is to identify
vulnerabilities and to identify ways of effectively reducing risk, the importance measures
identified above are a key element of the method to characterize operator performance.
This procedure consists of the following steps.
1.

Construct event trees incorporating the equipment identified in the Emergency
Operating Procedures. No credit is taken for operator actions not specified in the
procedures. Appendix D.1 summarizes the procedures assumed in the IPE.
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2. Determine the risk achievement worth of the operator actions credited in step 1.
results of the more significant risk achievement worth evaluations appear in
~

~

'he

~

~

~

Appendix D.2.5.
~

~

~

3. For those procedural steps having high risk achievement worth, ensure procedural
and interface Defense-in-Depth Criteria are satisfied for the procedure steps.
II

4. Determine the risk reduction worth

for procedure steps identified in step

1.

if the

risk reduction identified in step 4 is warranted based upon
frequency, equipment, procedure or interface Defense-in-Depth Criteria.

5. Determine

6.

For those procedure steps identified in step 5 which warrant a high level of operator
reliability, ensure steps satisfy procedural and interface defense in depth criteria.

The goal of this evaluation is to ensure, for important procedural steps, that the
operator is at least as reliable as the equipment being operated.
This approach to human performance evaluation has been applied in its severe accident
evaluation since the initial Station Blackout study performed during 1981-82. The
approach has led to many enhancements to the operating procedures and the plant
~

design such as:
~

~

~

early, controlled RPV depressurization during SBO to ensure fire main success,

~

main, alignment for RPV and containment injection during SBO,

~

installation of a 6th diesel generator to ensure DC control power during SBO, and

~

simplifies ATWS procedures with the objective of enhancing operator reliability.

These enhancements were motivated by the insight, that,

rat

r

This insight is the direct result of applying the risk achievement worth to operator
actions and is equivalent to the screening analysis of traditional human reliability
We have been aware of the importance of these types of actions and have
assessments.
taken positive measures to ensure that these actions will be reliably executed whenever
they are required. These actions are identified in Appendix D.2.

2.32

Human Reliability Analysis of Anticipated Transient Without Scram Events

The purpose of this section is to illustrate PP&L's approach to HRA. Through this
illustration the following questions are answered:
1.

Does the

PAL HRA approach

overlook any vulnerabilities to human error?
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2. Does the PP&L HRA approach identify any vulnerabilities or opportunities for
safety improvement that a more conventional HRA approach would overlook?

As shown below, the PP&L HRA method identified all the same plant vulnerabilities to
human error as did the more conventional method; identified a vulnerability missed by
the more conventional method; and identified additional success paths that result in real
risk reduction from ATWS events. This conclusion is supported by the following
sensitivity study. In performing this study the following ground rules were followed.
1.

The Susquehanna IPE ATWS event and fault trees were used

as

the basis of the

study.
2. The upgraded EOPs which were in place as
operator response.

of January

1, 1993

form the basis of the

3. The event and fault trees were modified to highlight operator actions and account

for

the upgraded EOPs.
4. Complete functional dependence between functional equivalent steps is assumed.
This is a standard PP&L assumption.
5. Only operator actions that are in the EOPs or referenced by the EOPs are
considered. No credit is given to any other operator action.

Assumption 4 implies that if the operator fails to execute a particular procedural step all
other steps designed to accomplish the same safety f'unction are assumed to fail, As an
example, if the operator fails to initiate SLCS, complete failure of manual rod insertion
is also assumed since both actions are designed to control reactivity. However the
failure to initiate SLCS does not directly effect the initiation of suppression pool cooling
(though it will reduce the time and therefore may increase the failure rate) since this
step deals with containment control.
2.32.1 Risk Achievement Worth of Operator Actions

The first step in evaluating human performance during severe accidents is to construct
event trees which integrate the reactor transient response with the plant operating
procedures. This step is included in the above ground rules. The second step uses the
risk achievement worth to identify important operator actions which are directed by the
EOPs. PP&L has found that any operator action required to initiate a safety function is
important. The risk achievement worth of each of these actions was computed, however,
to determine what actions are important from a traditional screening analysis. The
results of this calculation appear in Table 2.3.1.
that the three actions, operator fails to enter the EO100/200-113, operator fails to promptly throttle feed water flow, and operator fails to
initiate suppression pool cooling, all have RAW values in excess of 10,000. Therefore
one concludes that these actions are important to maintaining the current level of risk.

In reviewing this Table one

sees
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These actions were also identified as important in the Susquehanna IPE. A second tier
of actions: operator fails to initiate SLCS, and operator fails to initiate emergency
depressurization, all have RAW values in excess of 100. These actions are also
important, but less than those identified immediately above. These actions are only
significant if the operator is successful at executing the actions with RAW in excess of
10,000. As an example, the initiation of SLCS will reduce the reactor power to decay
heat level. This function is only effective if the operator has also started suppression
pool cooling. This second set of actions were also identifled as important in the
Susquehanna IPE. The remaining actions identified in Table 1 have low RAW values
and are less importance. They are generally backup actions to other manually initiated
safety functions or a backup to an automatic action. Some of these actions were
identified as important in the Susquehanna IPE because of their value for risk reduction.
Prior to discussing risk reduction actions, however, the actions with high RAW will be
discussed. This discussion includes a comparison of these actions with findings of other
risk studies and a discussion of what PP&L has done to ensure the operator will execute
these actions with a high degree of reliability.
~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

Using the risk achievement worth the following operator actions were identified
important for Susquehanna:

as

Entry into EOPs,
Prompt inventory control,
Initiation of suppression pool cooling,
Initiation of SLCS, and
Manual depressurization.

Other BWR PRAs were reviewed to determine if a similar set of actions are considered
important. This review included NUREG-1150. All studies reviewed identified the last
three items on the list as important. Failure to enter EOPs was either not reported or
was overwhelmed by failure of the operator to execute the procedures once entered.
Prompt inventory control was identified as important at Susquehanna as a result of
analysis that shows the potential for core damage from unstable operation. While this
particular form of core damage has been incorporated in Susquehanna risk evaluations
since 1985, it is absent from other BWR risk studies. Therefore the importance of
prompt level reduction would not appear in other studies.

Additional actions were identifled in these risk studies that were not considered
important for Susquehanna. These actions are:
Manual SCRAM,
Manual rod insertion.

The first action is not important at Susquehanna from a risk analysis standpoint. A
manual scram serves as a backup to a failure of an automatic trip signal. Automatic
trips are generally initiated by at least two diverNe signals, such as high RPV pressure
and high neutron flux. 'Additionally, the Scram failure rate is dominated by either
common mode failure of the scram relays or common mode failure of the diverse scram
~

~

42

discharge volume level switches and delta pressure sensors.
a manual scram has only a minimal impact on risk.

Therefore, failure to initiate

Finally, manual rod insertion has a low RAW value. This is a result of the direct
dependence of manual rod insertion on SLCS initiation. If the operator fails to initiate
SLCS it is assumed that the manual rod insertion will also be missed. However, manual
rod insertion is considered important by PP&L from a risk reduction perspective. Thus,
the PP&L HRA approach identified all the important operator actions identified by the
more conventional approach.

2922

ATWS Frequency Evaluation Using Typical HRA Operator Error Rates.

Once the important operator actions have been identified, a typical HRA evaluation will
use an algorithm to obtain estimates of the operator error rates in executing these steps.
It is interesting to evaluate the impact on the plant damage frequency from ATWS if
Error
these more traditional numbers are used to represent the operators'erformance.
rates for these steps were obtained from a recently submitted BWR IPE and appear in
Table 2.3.2. These error rates were factored into the PP&L analysis, thus converting the
Susquehanna ATWS analysis to a more typical evaluation. This transformation was
performed using only the more likely ATWS events, not the more likely ATWS events
to cause core damage using the PP&L HRA methods. Therefore, the base case numbers
are less than reported in the Susquehanna IPE.

The results of this transformation are presented in Tables 2.3.3 and 2.3.4. Table 2.3.3
includes the potential for core damage from high inlet subcooling, while Table 2.3.4
presents results where this failure mode has been neglected. Table 2.3.3 is for
comparison with the Susquehanna IPE, while Table 2.3.4 is used to compare with the
more typical BWR IPE which does not account for core damage from unstable
operation. The total core damage frequency is quite close to the NUREG-1150 ATWS
plant damage frequency of 1.9E-6 or other BWR IPE values of 1.0E-6. Therefore, the
m
er r fail re r
not
difference in numerical results is the result of the
the result of an oversight in the PP&L analysis. It is at this phase where the PP&L
approach to HRA differs from the more conventional methodology. Instead of trying to
make estimates of the operator failure rates, this method ensures that the steps satisfy
the Defense in Depth criteria and then tests the steps in the simulator.

'nd

2.33

HRA Defense-in-Depth Evaluation

When considering the risk from reactor operation, operator actions deemed important
n im
m
a hi h inciden e f f il re. Therefore the operator actions identified as
important are subjected to a defense in depth evaluation. Each procedural step
identified as important in Table 2.3.1 is evaluated to determine if the Defense in Depth
criteria in Table 2.3.5 are met. This evaluation was performed in the Integrated Risk
Reduction Study (ref. 25). Based on this evaluation the following actions were taken to
ensure a high operator reliability in executing th'ese procedures.
1
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2.3.3.1 Entry Into and Following of Procedures
~

~

tacitly assumed when performing the Susquehanna IPE that the operators will
enter and follow procedures. This assumption is consistent with operation of the
Susquehanna Steam Electric Station and necessary to bound the analysis. PP&L has
invested much effort to ensure that the operators will follow procedures. Therefore,
failure to follow procedures is not seen as a vulnerability at Susquehanna.

It was

~

Operators routinely enter and follow procedures during the course of a shift. This is the
expected and accepted mode of operation at Susquehanna. This expectation is assured
for the following reasons,
1.

The operators have committed EOP entry conditions to memory.

2. The control room instrumentation presents the EOP entry conditions in a clear and

unambiguous manner.
3. The procedures provide guidance to the operator

if the

instrument is unavailable.

4. The EOPs are comprehensive and are written in a clear and unambiguous manner.
5. Sufficient time exists, for all events analyzed, for the operator to observe the
symptom, carefully read each procedure step and reliably execute the required action.
~

~

~

6. The procedures are executed by an entire operating shift.

7. The operators are well trained, practiced and tested on observing symptoms, entering
the appropriate procedure and executing the necessary steps.
8.

The operators have confidence that the procedures represent the best available
guidance for responding to an upset or accident condition.

9.

The operators are confident that the company will support their decision to follow
the procedures.

Based upon these reasons no explanation could be created to explain why the operator
would willf'ullyfail to follow procedures.
is to presume that the operator fails to follow the procedure for some reason, then
the analysis becomes unbounded and cannot be modeled as part of the IPE. There are
an infinite number of event sequences that may occur as the result of such a failure.
Each of these sequences must be modeled to properly quantify the effect of such errors.
Therefore, such assumptions are inconsistent with the fundamental approach taken

If one

within the IPE.

2392 Prompt inventory Control
Operator training and the EOP procedural bases documents stress the importance of
prompt RPV water level reduction. Additionally, the EOPs were modified to facilitate
prompt level reduction. These modifications include:
~

~

~

Requirement to lower RPV water level whenever the reactor power level exceeds 5%
with a valid scram signal present,
Movement of the instruction to lower the RPV water level to an earlier step in the
EOP, and
Inclusion of only one level control band when the reactor power exceeds 5% power.

C urrent generic procedures only require level reduction when a containment challenge
exist. Prior to level reduction the operator is required to ensure that the Maximum
Primary Containment Water Level Limit is not exceeded. Additionally, the generic
procedures identify multiple level control bands depending on the reactor power. The
procedural enhancements implemented by PP&L facilitate prompt level reduction by:
simplifying the conditions for level reduction, placing the instruction in a more prominent
location, and identifying a unique target for level reduction. Therefore, there is a high
degree of confidence that the operator will promptly initiate RPV level reduction.

2999 Initiation of Suppression

Pool Cooling

Initiation of the suppression pool cooling system is a routine evolution at Susquehanna
been performed over 1000 times. Additionally, the operator has many hours to
initiate suppression pool cooling before the containment is threatened. Therefore, there
is high degree of confidence that the operator will initiate suppression pool cooling
'aving

during ATWS.

239.4 Initiation of SLCS
With the scram system failed, the SLCS represents a diverse method of shutting down
the reactor. Its importance is stressed during operator training with special emphasis
directed at eliminating any reluctance to its initiation. SLCS initiation during simulator
exercises has been studied at PP&L. From these exercise two distinct strategies were
identified. In one strategy the operators initiated SLCS anytime an ATWS in excess of
5% power occurred. In the second strategy, the operators initiated SLCS when the
reactor power exceeded 5% and the suppression pool temperature approached 110'F.
Both of these strategies were allowed by the procedures. However, after consideration,
PP&L decided to simplify the procedure to ensure timely and reliable SLCS initiation.
The procedures now require SLCS initiation any time a valid reactor scram signal is
present and the reactor power exceeds 5% of rated.
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This simplification insures a consistent implementation and reliable application of the
procedures. During procedure, validation, however, it was determined that SLCS
initiation was delayed as operators worked their way through the EOP Qow charts.
Therefore, the SLCS initiation step was moved such that SLCS initiation occurs
immediately after determining that the reactor power exceeds 5% and ARI has been
manually initiated. Therefore there is a high degree of confidence that the operator will
initiate SLCS reliably and promptly during ATWS events.
~

~

~

~

~

~

299.5 Manual RPV Depressurization During ATWS
PP&L calculations indicate that reactor operation at low pressure may become unstable
and proceed to core damage. As a result of these calculations, PP&L has modified
procedures to prevent RPV depressurization unless the reactor power is below 5% or the
low pressure systems are required for core cooling. PP&L analysis has shown that with

the power below 5% core integrity should be maintained at low pressure, However, if
core cooling is lost at high pressure, the RPV must be depressurized to allow for low
pressure injection. Calculations indicate that core damage at low pressure should be
avoided if the SLCS system is initiated promptly and the low pressure injection source
can be controlled so that the water level remains below the feedwater sparger. These
requirements have been addressed through the SLCS procedure improvements and a
proposed modification to bypass or eliminate a five minute operator lockout on the LPCI
injection. With these enhancements the operator can depressurize the RPV and control
low pressure injection, thus avoiding region of unstable operation.
~

~

~

~

~

~

~

~

~

~

~

2.33.6 Summary of Defense-in-Depth Evaluation
~

~

4

Control~room operators are trained and monitored in the execution of their procedures.
The procedures are evaluated against Defense-in-Depth to ensure that they direct the
operator to take proper action. They are tested to ensure the necessary information and
facility is available to the operator to ensure that the requirement is understood,
sufficient time is available to execute the step and the necessary equipment is available
to carry out the action. Therefore, it is reasonable to assume that the operator is at least
as reliable as the equipment he or she is operating. When this level of proficiency is
expected of the operators, then vulnerabilities from interacting systems can be explored.
Applying this approach to HRA, PP&L identified a particularly pernicious interaction
that may have been overlooked using other methods.

29.4

ATWS Vulnerability from TBCCW Failure.

An ATWS event initiated from failure of the Turbine Building Closed Cooling Water
System (TBCCW) is a dominant contributor to core damage at Susquehanna. This
initiator is problematic in that it causes a plant trip and consequential failure of
equipment used for reactivity control, core cooling and containment heat removal.
Therefore should this particular event ever occur the operators'bility to respond is
degraded.
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The TBCCW system provides cooling water to the condensate pumps, the instrument air
compressors and service air compressors. A loss of TBCCW will result in condensate
pump trip which causes the feedwater pumps to trip on low suction pressure. Thus both
high and low pressure injection sources are lost, Furthermore, the loss of feed water
results in a reactor trip. Instrument air is required for CRD operation and maintaining
the MSIVs open. Thus, when TBCCW trips, instrument air is lost, which fails manual
rod insertion as a backup to the SLCS system and the main condenser as a preferred
source for heat rejection. In evaluating this event PP&L has demonstrated Defense-inDepth for equipment, procedures and interfaces. This Defense-in-Depth evaluation
relies on the improvements to procedures, for SLCS initiation and the modiGcations to
plant logic which allow the operator to avoid the HPCI suction transfer to the
suppression pool, and prompt control of the LPCI throttle valve. The effect of these
changes is to increase the probability of SLCS initiation, eliminate the possible failure of
HPCI from pumping hot suppression pool water and improve the operators ability to
control the remaining low pressure injection source should HPCI fail. (This particular
ATWS sequence is not identified in other PRA studies using the traditional HRA
methods.) These improvements to plant and procedures are a direct result of the
Defense-in-Depth approach applied by PP&L when evaluating both operator and
equipment performance. This approach has allowed the identiGcation of a subtle
vulnerability which may have been masked if poor operator performance was assumed.

29.5

Application of the Risk Reduction Worth to Human Performance Evaluation

The final step in the PP&L HRA approach is application of the risk reduction worth to
each procedure step. Recall that this measure of importance is useful for identifying
improvements for reducing risk and is determined by assuming perfect operator
response, that is zero failure probability. This concept is used with the Defense in Depth
criteria to identify if any improvement to the plant or procedures is warranted. Based
upon this analysis, PP&L has determined that manual rod insertion, avoiding the HPCI
suction transfer from the CST to the Suppression pool, and controllability of low
pressure injection are effective at ensuring Defense in Depth from ATWS sequences.
PP&L is in the process of a scope and estimate evaluation of modifications. When these
modifications are installed, these actions can be reliably performed in a timely manner.
These modifications are:
~

~

~

Removal or bypass of the RSCS from the plant,
Removal of the logic or installation of a logic bypass switch so that the HPCI suction
will not automatically swap to the suppression pool on high pool water level, and

The elimination of a timer on the LPCI throttle valve or installation of logic to allow
prompt operator control of the LPCI throttle valve during ATWS events.

These enhancements to plant safety are a direct result of the
PP&L when performing the Susquehanna IPE.
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HRA approach used by

23.6

Conclusion

The methods employed by PP&L when performing the Susquehanna IPE have resulted
in plant damage frequencies a factor of 10 to 20 less than IPEs performed on similar
plants. One potential explanation for this difference is that severe accident
vulnerabilities were overlooked in the PP&L analysis. This is a particular concern in the
area of operator reliability since the PP&L operator failure rates are substantially less
than those assumed in other studies. However, this comparative evaluation has shown
that the PP&L approach has yielded the same list of important operator actions as the
more traditional approach. Additionally, when the traditional operator error rates are
incorporated into the Susquehanna analysis, comparable plant damage probabilities are
computed. The PP&L methodology has identified a subtle vulnerability that the more
traditional methodology would have overlooked and identified success paths not
considered in the IPEs PP&L has reviewed. Based upon this human reliability analysis,
PP&L has modified Susquehanna design and enhanced its EOPs. These changes in plant
design and procedures have resulted in a safer power plant.

Table 23.1
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Action
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failure.
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2.3.2

COMPARISON OF OPERATOR ACTION FAILURE RATES
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Table 2.3.3

Transformation of the Susquehanna IPE ATWS Damage Frequency
Using Typical Operator Error Rates with Damage from Unstable Operation
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outcomes

is possible.

Therefore,

a

10

10

state of chaos exists.

Table 2.3.4

Transformation of the Susquehanna IPE ATWS Damage Frequency
Using Typical Operator Error Rates with Damage from Unstable Operation not Included
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Table 2.3.5
Defense-in-Depth Criteria

Accident sequences having high calculated frequencies are not acceptable.
Accident sequences having the low calculated frequencies must also have defensein-depth both in the form of equipment and procedures. Defense-in-depth is
defined for equipment and procedures as follows.
E~ui men
1.

Core or containment damage shall not occur without multiple failures of
redundant or diverse equipment.

2.

Vessel failure shall not occur following core damage unless an additional
independent equipment failure occurs.

3.

Containment failure shall not occur following core damage unless an
additional independent equipment failure occurs.

4.

Containment failure shall not occur following vessel failure unless an
additional independent equipment failure occurs.

~Fr

ice hi~rg
No procedures shall have adverse consequences in the case of additional
equipment failures beyond those occurring initially.

2.

The necessary anticipatory actions shall be performed to avoid loss of
additional equipment but shall not degrade the existing situation.

3.

The necessary anticipatory actions shall be performed to permit successful
response to potential additional failures but shall not degrade the existing
situation.

Interface

The nature and timing of information to the operator shall be sufficient to assure
timely execution of all appropriate procedural steps.
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2.4

Sensitivity of Results to Key Assumptions

The NRC staff questioned the sensitivity of the reported IPE results to the "Key
Assumptions" listed in Section 2.1.2 of Volume 1. While the question arose during
discussions of CCF, it applies to the study as a whole. This section addresses this
question.
Section 2.1.2 of Volume 1 lists "key assumptions" in three areas: plant equipment and
operator response (Section 2.1.2.1); plant design configuration (Section 2.1.2.2); and
accident phenomenology (Section 2.1.2.3). The staff questioned the sensitivity of the IPE
results to the assumptions in section 2.1.2.1, that is, plant equipment and operator
response. The sensitivity of the IPE results are examined for each "key assumption".
2.4.1

Containment Venting

The IPE results are reported with and without the availability of a containment vent
(Reference Volume 1). Containment venting is assumed to be available only when there
is no core damage. If a vent is unavailable, calculated total containment over-pressure
failure increases by 1 decade. The vent has no impact on the ATWS analysis; venting is
not considered during ATWS.

2.42

Operability of Condensate Transfer Pumps During LOOP and SBO

Condensate transfer operation is required to maintain RHR piping full to preclude wate
hammer on initiation of SPCM for LOOP with certain combinations of EDG failures.
This potential exists only if suppression pool cooling must be "swapped" between units
when a single RHR pump is capable of operation. The loss of SPCM from water
hammer is currently only assumed. Procedures currently exist to fill and vent the RHR
system without the condensate transfer system, Thus, this dependence is not modeled
for the IPE analysis, and no credit for condensate transfer protection against water
hammer during LOOP is taken. Therefore, there is no effect on the LOOP numerical
results should the condensate transfer be unavailable.
shown that the condensate transfer system could be used to satisfy Defense-inDepth during SBO if an independent power supply was provided. Only the fire main
system exists to inject water to either the vessel or containment after the loss of station
batteries in long term SBO without the use of condensate transfer. (Note, loss of station
batteries also requires loss of the existing mobile diesel generator.) If condensate
transfer is unavailable, and assuming fire main injection to the containment, loss of
existing vessel injection results in both fuel ~n vessel failure, a violation of Defense-inDepth. The impact of not having condensate transfer in SBO is estimated by assuming
that all core-damage-with-vessel-intact events now go to vessel failure. The effect is to
increase the probability of core-damage-with-vessel-failure by half a decade to SE11/cycle for SBO. However, SSES has two diesel driven fire pumps on site available for
connection to the station fire main. Calculations performed after the issuance of the IPE
show that flow from a single fire pump is sufficient to protect both reactor vessels,
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~

~

~

leaving the additional pump available for containment protection. Thus, the condensate
transfer system is not required for Defense-in-Depth.
~

~

~

HPCI Suctio'n Transfer and HPCI/RCIC Backpressure

2.4.3

Mp Bypasses

HPCI suction automatically transfers from the condensate storage tank (cool) to the
suppression pool (warm to hot) on high suppression pool level. The HPCI pump is
cooled by the water pumped and if the water pumped exceeds 140'F for some time,
HPCI failure is likely. Thus, if the pump is taking water from the suppression pool and
the pool temperature reaches approximately 140'F, pump failure is assumed. To
preclude this failure, the automatic suction swap on high suppression pool level to the
suppression pool is bypassed. In addition, both HPCI and RCIC have trips on high
containment pressure. During ATWS and SBO, containment pressure may exceed these
trip pressures resulting in loss of vessel injection. To prevent failure of these high
pressure sources, these swaps and trips are bypassed by procedure.

The effect on the numerical results if these bypasses are not possible is assessed by
assuming that failure to bypass results in loss of HPCI and RCIC. The dominant mode
of IPE calculated core damage is from ATWS, and the dominant ATWS transients
leading to core damage are LOOP or loss of TBCCW. In these transients, only HPCI
precludes blowdown and Limit Cycle Operation Core Damage (LCO-CD). Thus, it is
assumed that for these transients HPCI failure is now given and LCO-CD assured. The
other dominant initiator leading to core damage is loss of two DC buses for both ATWS
and transients with scram. Because loss of these buses results in loss of HPCI and RCIC
directly, no change results from failure to bypass. The net effect of assuming failure to
bypass with consequential failure of HPCI is an increase of about 1 decade in calculated
total core'damage frequency, to about 2E-6/cycle.
~

~

~

~

~

~

~

~

~

~

~

~

Currently, these bypasses are possible only by installing jumpers and relay boots in the
relay rooms. In full isolations ATWS events with SLCS failure,'insufficient time exists to
carry out the bypass actions in this manner. A modification will be installed to allow the
HPCI suction swap to be bypassed. The HPCI and RCIC high containment pressure trip
set points have been raised to allow sufficient time to make the bypass of these trips
from the relay rooms feasible.
ADS SRV Control During Isolation Events

2.4.4

The use of individual ADS SRVs is desired during ATWS to allow finer pressure control
from the control room than permitted by the full 6 valve ADS. Individual valve control
allows use of the condensate pumps for vessel injection without depressurization
sufficient to cause LCO-CD. The inability to use individual valves is assumed to result
in loss of the capability to limit depressurization and guarantees LCO-CD. An
evaluation of the loss of condensate is presented in Appendix F.3 in Volume 4 of the
IPE submittal. For the current discussion of SRVs we note that for non-isolation events
the non-ADS SRVs remain available and individual control of ADS SRVs is not
required. Using the results of the sensitivity presented in Appendix F.3 we see that loss
of individual control of ADS SRVs increases the calculated total core damage frequency
~

~

~
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by about 1 decade, to approximately 1.5E-6/cycle. However, revisions to PP&L specific
EOPs made after the issuance of the IPE negate the necessity of individual ADS SRV
control. Thus, foregoing this assumption has no effect on actual plant risk.
2.4.5

Rod Sequence Control System Bypass

Calculations performed by PP&L demonstrate that the reactor can be shutdown from full
power by manual rod insertion and remain within the design pressure. This evaluation
requires that the RSCS be bypassed. Presently, jumpers must be installed to affect this
bypass. This requires a substantial amount of time and may prevent the reactor from
being shutdown. Therefore, a bypass switch is to be installed to ensure the bypass can
be accomplished in a timely manner.

An estimate of the impact of not having this control room bypass is obtained by
assuming that without it all full ATWS isolation events with failure of SLC go to COPF.
(Note that the ability to shut the core down via Manual Rod Insertion (MRI) is more for
containment protection than fuel protection.) The result is a small drop in calculated
core damage frequency (about 4%) and an increase in the calculated occurrence of core
damage with containment failure by a factor of 5, to 5E-9/cycle. A modification to the
plant will be implemented to permit this bypass.
2.4.6

Low Pressure Injection Control During ATWS

desirable that if low pressure injection is called upon to maintain vessel water level
above TAF, it can be promptly initiated and immediately controlled so as not to cause a
rapid reactivity insertion. The impact on the ATWS numerical analysis if this capability
is not in place is identical to that of not having individual control of ADS SRVs because
it is this capability which negates the necessity of individual SRV control. The capability
of immediately controlling Low Pressure Makeup (LPM) in ATWS is judged prudent,
however, and easily put in place in SSES. A modification to the plant will be
implemented to allow this immediate control.
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2.4.7

LOCA Load Shed and High Dgwell Pressure Isolation

The modification to the existing LOCA load shed scheme and the high drywell pressure
isolation allow continued use of the condensate pumps and the non-ADS SRVs in
ATWS, and the circulating water pumps for maintaining condenser vacuum. The effect
of not having these systems is dominated by the ATWS response and has been reviewed
above.
2.4.8

Overall Eff'ect of Key Assumptions

The effect of the simultaneous loss of all of the above mitigative capabilities is not
multiplicative however. The loss of each does not affect every accident sequence, i.e. not
every key capability assumed mitigates every accident sequence. The combined effect of
the total loss of all of these systems is dominated by the decrease in high pressure
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makeup capability in ATWS. Numerically, the loss of all of these capabilities results in
an increase:
~

~

~

~

~

~

of 1.5 decades, to 3.2E-6/cycle, in total calculated core damage frequency,
of 1 decade, to 4.5E-7/cycle, in COPF with core intact,
~

of a factor of 5, to SE-9/cycle, in calculated core damage with COPF, and

of a factor of 3, to 5.2-11/cycle, in calculated core damage with vessel failure for
SBO with scram.

While the absolute numerical values of the various plant damage states remain small, the
increases in calculated core and containment failure frequency are significant. These
increases come as a result of the loss of Defense-in-Depth supplied by the capabilities
assumed above. Without the additional requirement of satisfying Defense-in-Depth, that
is, if only the calculated plant damage state frequency is relied on for justification of
"safe enough", the additional risk reducing capabilities of the "key assumptions" would
not have been identified at Susquehanna.
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3.0

Conclusion

The objective of the IPE as stated in Generic Letter 88-20 is for each utility:
1)

to develop an appreciation of the severe accident behavior,

2)

to understand the most likely severe accident sequences that could occur at
its plant,

3)

to gain a more quantitative understanding of the overall probabilities of
core damage and fission product release, and if necessary,

4)

to reduce the overall probabilities of core damage and fission product
release by modifying, where appropriate, hardware and procedures that
would help prevent or mitigate severe accidents,

These objectives have been accomplished by PP&L through its IPE effort.

An appreciation of severe accident behavior has been gained through calculations of
accident progression and the review of other's work. These calculations cover the full
range of damage, from the onset of core damage to core melt, vessel and containment
failure from corium attack. Additionally, an extensive evaluation of core damage from
unstable operation has been performed.

An understanding of the most likely sequences

has been gained.

This analysis has shown

the core damage from unstable operation during ATWS followed by'ontainment
overpressure failure is the most likely cause of radionuclide release. Additionally,
sequences resulting from system interactions are also big contributors to plant damage.

A quantitative understanding of the

event frequencies has been gained through the
numerical calculations of core damage and containment failure. A mechanistic process
has also been applied to assure adequate protection against severe accidents. This
diverse approach assures a layered defense which accounts for uncertainty in the
numerical evaluations.

Finally, PP&L has made and is making changes to the plant design, the operating
procedures and the operator training program based upon the knowledge gained through
the IPE processes.
Thus, PP&L has met the objective of the generic letter and has addressed all the issues
raised in the guidance document, NUREG-1335.
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